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ABSTRACT

The results of a current study of multi-variable manual
control systems are presented. The objectives of this study
are to investigate the human controller's behavior in multi-
variable control situations and to develop models of the
controller which take into account both the monitoring and
the control functions that he typlically performs in such systems.

A series of two-variable manual tracking experiments was
performed in which subjects were required to view two separated
displays and operate two control devices to control the system.
Performance was measured as a function of the display separation,
the forcing function bandwidth, the task difficulty and the
controlled-element dynamics. Human controller describing func-
tions, eye movement distributions, and normalized mean-squared
tracking error were obtained. Measurements were obtalned when a
single variable was viewed foveally, when a single variable was
viewed peripherally, and when both variables were controlled

simultaneously.

The primary difference between the l-axis foveal, l-axis
peripheral, and 2-axis human controller describing functions in
all experiments was a difference in the low-frequency gain.

These gain differences were generally consistent with the NMSE
differences. Two-axis and peripheral tracking performance was
degraded as the display separation was increased: the NMSE
increased, the fractional remnant increased, and the controller's

vii



gain decreased. There was no appreciable effect on the mean
observation time. Bandwidth and plant dynamics had a non-uniform
effect on performance. The subject's allocation of foveal
attention was affected by the relative task difficulties. The
fraction of foveal attention devoted to an axis was on the
average equal to the fraction of the total 2-axis mean squared

error appearing on that axis.

A simple switching model of the human controller predicts with
reasonable accuracy the effects of visual scanning on system per-
formance. The key assumption of this model is that the human con-
troller acts as a two-channel processor of information: one channel
processes information foveally while the other simultaneously
processes information obtained peripherally. There 1is assumed to
be no coupling, or interference, between channels. A model of
this type, coupled with a suitable model of the controller's
monitoring behavior, should provide a means for extending current
single-variable models of the human controller to multi-variable

systems.
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I. INTRODUCTION

Past studies of manual control systems have resulted
in mathematical models of the human controller that provide
accurate predictions of his behavior over a wide range of
single-axis control situations (Refs. 1-3). Most systems
of practical importance, however, are multivariable systems
which generally require the human controller to time-share
his visual attention and motor effort among a number of
displays and controls. Although a number of studies
comparing human performance in one- and two-axis control
situations have been performed over the past few years
(Refs. 4-11), there are presently no adequate models of the
human controller applicable to a complex, multivariable sit-

uation.

The main objective of the research discussed in this
report was to develop a model of the human controller that
would predict controller and system performance in a two-axis
system having separate displays and controls. This system
was chosen for investigation because it contained two
essential features of complex control systems -~ multiple
axes of control and sharing of visual attention -- and
yet was simple enough to permit detailed and carefully
controlled experimental study. This research program was
the second phase of a continuing theoretical and experi-
mental study of multivariable manual control systems.

The first phase of the study, in which we investigated a
two-axis control situation with integfated control and display,

has been reported in detail in Ref. 10.



Our theoretical and experimental strategy was to build
on the existing single-variable models of the human con-
troller. Most of the experiments were structured so that
comparisons could easily be made of the controller's per-
formance on the l-axis foveal task (the conventional
tracking situation), the l-axis peripheral task, and the
2-axis task. Primary experimental variables were (1) the
display separation, (2) the forcing-function cutoff fre-
quency, (3) the controlled-element dynamics, and (4) the
heterogeneity of the left- and right-hand tasks. To the
best of our knowledge, this report is the first to present
human controller describing functions obtained durilng a
purely peripheral tracking task or obtained in a multi-
axis control situation requiring visual scanning.

In Chapter II of this report we review briefly the
current status of models of the human controller and human
monitor. The experimental program is described in Chapter
III. Section A of that chapter contains a description of
the apparatus and procedures common to most of the experi-
ments. The experimental conditions investigated in the
individual experiments, along with the training and data-
taking procedures followed, are described in Section B. The
analysis methods used and the performance measures obtained
are discussed in Chapter IV. The experimental results are
presented in Chapter V. In Chapter VI we discuss these
results and suggest a model, based on current single-variable
models, that will provide a good representation of the human
controller in a two-axis compensatory control situation
with separated controls and displays.



S

IT. BACKGROUND

A. The Human Controller in Single-Variable Manual
Control Systems

1. Describing Function Representations

In Fig. 1 is a block diagram of a flight control system.
The pilot views a display and responds to the information
displayed on it by moving the control device. The control
device provides signals to the vehicle (controlled element)
whose dynamics are represented by the transfer function C(s).
Information about the response of the vehicle is processed
and fed back to the display.

Most of the describing function studies have been
performed with a compensatory display in which the displace-
ment of the single indicator, the dot, is proportional to
the tracking error. The human controller's task is to
move the control device so as to correct or to compensate
for this error. If the dynamics of the control device
are negligible compared to those of the hand or arm, 1if
the display is compensatory, and if the displayed error
is the only stimulus to the operator, the dynamic char-
acteristics of the system of Fig. 1 can be represented by
the simpler block diagram of Fig. 2. The dynamic char-
acteristics of the human pilot, which are nonlinear, noisy,
and time-varying, can be represented by a quasi-linear
operator H(s) (the describing function) and a remnant noise
nh(t), added to the output of H(s).
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Fig. 1 Block Diagram of Single-axis

Manned Flight Control System
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2. Mathematical Models

The most comprehensive discussion of single-variable
models of the human controller appears in McRuer et al
(Ref. 3). They offer models of varying degrees of complexity
to describe human control behavior in a wide variety of
tracking tasks.

The simplest model states that the human controller
adjusts his characteristics so that the combined pilot-
vehicle describing functlons will have a gain that decreases
at a rate of 20 gB/decade in the region of gain crossover
(the frequency at which HC(jw) = 0 @B). Thus

-jwT
w e I¥Te

HC(jw) = &—— (1)
Jw

where w, is the galn crossover frequency and T2 is an
effective time delay which includes neural conduction time,
central processing time, and the effects of high-frequency
poles. Although this model is intended to be valid only

in the region of the gain crossover frequency, it is useful
for predicting system performance, since a large fraction
of the spectrum of the tracking error is often concentrated
in a narrow frequency range that encompasses the gain-
crossover frequency.

The galn crossover model implies that the human con-
troller adapts hils dynamic behavior to that of the controlled



element so that HC remains approximately c¢onstant, at
least in the region of crossover.

A simple describing-function model that illustrates
explicitly the adaptive capabilities of the human controller

is:

(T.s + 1) -TS
L e (2)

H(s) = Kh L
(TIs + 1) (TNs + 1)

The lead-lag term (TLs + 1)/(TIs + 1) is an equalizer which
together with the gain Kh is adjusted by the human controller
to achlieve good system performance. The delay T and the

lag 1/(TNs + 1) approximate the dynamic characteristics of
the neuro-muscular system. Experimentally-obtained estimates
of 1 are in the neighborhood of 0.09 second. When track-

ing with controlled-element dynamics of K, the controller
generates a small lead time constant of about .11 sec,

which has the effect of cancelling the effects of the neuro-
muscular lag. He also employs a lag time constant and a
gain Kh such that the gain crossover frequency is in the
neighborhood of 8 rad/sec. When tracking with K/s dynamics,
the controller no longer needs to generate a lag term TI'

He may attempt to generate a small lead time constant TL,

and he typically achieves a gain-crossover frequency of 5-6
rad/sec. When tracking with K/s2 dynamics, the controller

generates a lead time constant of about 5 sec, has a



e = |

neuro-muscular time constant TN of about .11 sec, and

essentlally no equallzer lag TI' He adjusts the gain Kh

to achleve a gain crossover frequency of 3-4 rad/sec.
B. Models of the Human Controller of Multi-Axis Systems

1. Visual Scanning Not Required

Most studies of multi-axis manual control systems
have focused on measures of system performance, such as mean-
squared tracking error, rather than on descriptive measures
of the human controller (Refs. 4-7). Two-axis human
controller describing functions have been reported only
recently, and these were obtained in control situations

requiring no sharing of visual attention (Refs. 8-10).

In a previous study we compared l-axis and 2-axis
performance as a function of input bandwidth and as a
function of task differences in a two-axis situation with
integrated control and display (Ref. 10). Two types of
differences were investigated: (1) different input band-

widths, and (2) different controlled-element dynamics.

We found that after considerable training the subjects
were able to track two axes almost as well as one axis when
the control situation was homogeneous. The two-axis
normalized mean-squared tracking error (NMSE) was on the
average about only 10% greater in the two-axis situation, and the
one- and two-axis describling functions were nearly identical.

Bandwidth had no consistent effect on these relationships.



Most of the increase 1In error could be attributed to an
increase in remnant which we think may have resulted from
an lnadvertent and random coupling of the movements between
the two axes. Since the source of this coupling could have
reslded In the visual system, the motor system, or in the
intervening central pathways, we called this effect "visual-

motor interaction.”

When the tasks on the two axes were of unequal diffl-
culty, the subjects appeared to concentrate more on the harder
task with the result that the error increased much more in
the easler of the two axes. This was an approprlate strategy
for the subject to follow, since they had been instructed
only to minimize the total mean-squared error. If we con-
sider only the sum of the mean-squared errors on the two
axes, we find that 2-axis performance was nearly the same
as l-axls performance when the dynamics in the two axes
were the same, including the situation in which the input
bandwidths were different.

When the dynamics in the two axes were different, large
increases in NMSE and appreclable changes 1ln describing
functions were observed. These observations are conslstent
with the results of others (Refs. 5-8). Ih our studies
the dynamlics were K on one axls and K/s2 on the other. The
NMSE nearly doubled on the K axls and increased by about
60 percent on the K/s2 axils 1n the 2-axis control siltuation.
The describing functlons showed a decrease in gain at nearly



all frequencfes} particularly on the K axis. Furthermore,
the describiné function on the K axis appeared to adopt some
of the characteristics of the describing function on the

K/s2 axis. Prom these results we concluded that the require-
ment of the human controller to generate two different

kinds of equalizer characteristics simultaneously was a

direct cause of performance degradation.

In these integrated control-display studies we isolated
three factors that appear to be sources of the deterioration
in performance observed in two-axis tasks: visual-motor
interaction, differential concentration on the two tasks,
and the requirement to generate different equalizations.
These experiments also provide evlidence that certain factors
do not have an important effect on two-axis performance.
These are information transmission limitations and single-
channel processing constraints. It is clear that the human
controller does not operate at the 1limit of his information
transmission capability in a single-axis task, since we found
that he transmits almost twice as much information in certain
two-axlis tasks -~ those in which the dynamics on the two
axes are the same -- as he does in a singlé—axis task. The
fact that the human controller can perform about as well in
each axis of some two-axis tasks implies that he can process
both channels of information in parallel rather than sequent-
ially when provided with an integrated control-display con-
figuration. Furthermore, we found no evidence in the describing
functions of a switching mechanism for sequential processing,
which further suggests that the two channels are processed
in parallel.



2. Visual Scanning Required

Wierwille and Gagne (Ref. 11) measured time-varying
transfer characteristics (mathematically equivalent to
describing functions) of the human controller in one- and
two-axls tracking situations. The two-axls tracking error
was dlsplayed osclllographically in one experiment via a
single dot free to move in two dimensions, and in another by
two meter movements separated by an amount sufficient to
require visual scanning. The authors found the time-varia-
blillity of the transfer characteristics was greater when the
dlisplays were separated than when they were lntegrated.

One interpretation of thils result is that the strategy applied
to a glven axis changed as the controller switched from

foveal to peripheral viewing. The authors did not quantify
the effects of visual scanning on the transfer characteristic.

Fitts and Simon (Ref. 4) also investlgated a two-axis
tracking situation in which the tracking errors were provided
by two spatially separated meter movements. Time-on-target
performance was contlnuously degraded as the dlsplay separation
increased. (No descriptors of the human controller were
computed.) The authors concluded that peripheral vision
provided information for accurate eye movements and possibly
for control movements.

10



C. Models of the Human Monitor

1. Multi-axis Monitoring Situations

Senders (Ref. 12) has formulated the following relation-
ship between the monitoring behavior of the human observer
and the characteristics of the signals displayed:

A
- =
T, = 2KW; Log, + 2w, C (3)

1
By

where Ti is the fraction of total time spent on instrument i,
Ai is related to the range of instrument readings possible,
Ei is a measure of the required accuracy of the reading,

W:.L is the bandwidth of the disturbance, and C and K are
constants related to the individual's information processing

and sampling capabilities.

The above model was tested experimentally in a multi-
stimulus monitoring task in which no control effort was required.
Random signals were presented via four or more meters sepa-
rated so that only one at a time could be viewed foveally, and
the subjects were required to respond to an out-of-bounds
condition on one or more meters. The fraction of time devoted
to a signal increased with the bandwidth of the signal, as
predicted by Eq. 3. The fractional allocation of attention
was adjusted primarily by variations in the fixation frequency.
Mean observation time varied 1little and generally ranged from
0.3 to 0.4 seconds per look.

11



Although the model given by Eq. 3 was originally Iintended
for a purely monitoring situation, Senders claims that it is
also appropriate to a tracking situation if we interpret Ei
as the permissible rms tracking error, Ai as the rms input,
and Wi as the bandwidth of the error signal (Ref. 24). The
model then predicts that the amount of visual attention de-
voted to a tracking display will increase as the bandwidth
of the displayed signal increases and as the permissible NMSE

is decreased.

Sanders (Ref. 13) investigated monitoring performance
as a function of the separation between displays. In one of
his experiments the subjects were presented with strings of dots
projected at equal and opposite visual angles with respect
to the median plane. The subjects depressed one of four keys,
according to the combination of dots presented. The task
was self-paced, and performance was measured as the number
of responses in a given period of time. As expected from the
results of Fitts and Simon (Ref. 4), performance decreased
monotonically as the display angle was increased. Of particular
interest, however, were the sharp performance drops that
occurred between 20 and 40 degrees and again between 80 and

95 degrees.

On the basis of this and other experiments, Sanders
proposed the following three functional levels of the visual
field: (1) the stationary field, the display angle within
which a task can be performed via peripheral vision, (2) the
eyefield, in which eye movements (but not head movements) are

necessary for satisfactory performance, and (3) the headfield,

12



in which head movements are required. Sanders attributed
the unexpectedly large stationary field that he measured --
about 30 degrees -- to the low information content of the
experimental task and predicted that the stationary field
would shrink as the complexity of the task increased.

Sanders concluded from further experimentation with
nination tasks that the subjects processed
information from both tasks before eye movements were made.
This hypothesis is consistent with the conclusion of Fitts
and Simon that peripheral cues were utilized in a 2-axis

tracking task.

2. Perlpheral Vision

The use of peripheral vision in monitoring and tracking
performance has been inferred from the results discussed
above. Additional studies have been made to evaluate directly
the importance of peripheral vision (Refs. 13-15). Sanders
(Ref. 13) required the subjects to view the stimulus both
peripherally and during eye movements. Performance was better
with peripheral viewing than with viewing during eye movements,
and it was better than chance in both cases. Senders (Ref. 14)
found that the detection of dial readings was better than

chance for display angles as great as 80°.

The ability to utilize information from a signal source
located at a given angle into the periphery depends on the
precise location of the source and upon the type of motion.
Fitts and Simon (Ref. U4) showed that a horizontal arrangement

13



of meters yielded better performance than a vertical arrange-
ment for a given display separation. McColgin (Ref. 15)
measured thresholds to peripheral motion as a function of both
the location and the direction of motion and obtained results
consistent with those of Fitts and Simon. He found that the
threshold to motion located on the horizontal axis was only
about half the threshold to motions located the same distance
into the periphery on the vertical axis. In addition, he
found that the threshold to vertically-directed linear motion
was slightly (10-20%) but significantly less than the threshold
to horizontally-directed motion when the signal source was

located peripherally along the horizontal axis.

Additional factors affecting peripheral thresholds are:
(a) brightness of object, (b) observation time, (c) size of
object, and (d) structure of the visual background (Ref. 16).

D. Inadequacies of the Current Models

In order to discuss intelligently the inadequaciles of the
current models of the human controller, we should first
determine the structure of a model that will adequately describe
the behavior of the human controller in multi-axis control
situations. A model for uncoupled axes should include: (a)

a set of l-axis models, one for each task; (b) a model of the
sampling behavior which, for example, might be a process that
adjusts the scanning pattern to optimize system performance
in terms of the task criteria; and (c) a method of combining
the single-axis models with the sampling model to predict
multi-axis tracking performance. Parts (b) and (c) of the
multi-axis model will be highly interactive.

14



Although various components of the multi-axls model
have been investigated, there is no way at present to construct
a unified model. Part (a) 1s presently available, thanks
primarily to McRuer et al (Ref. 3). The sampling model of
Senders (Ref. 12) may be applicable to part (b), but it has
not yet been verified 1n a tracking situation. No models are
currently availlable which enable one to predict the effects
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research described in this report was conducted primarily to
provide a basis for the construction of such models.
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III. EXPERIMENTAL PROGRAM

Section A of this chapter describes the apparatus and
procedures used throughout the experimental program. The
experimental conditions investigated in individual experiments,
along with a description of the training procedures employed,

are described in Section B.

A. Description of Apparatus and Procedures

1. The Basic Task

The human controller was presented with two compensatory
tracking displays each of which contained a single error dot
and a stationary reference circle of fixed diameter. In all
except some preliminary experiments, the dots moved vertically
and were controlled by compatible movements of two single-
axis control sticks. Figure 3 shows a linear signal-flow
diagram of the system. The controlled elements for each axils
were simulated on a Goodyear Aircraft GEDA L3 analog computer;
mean-squared tracking errors and other scoring and recording
operations were performed on an Electronic Associates Inc.
TR-48 analog computer. A digital Equipment Company PDP-1b
digital computer was used to generate the forcing functions.

2. Displays and Controls

The displays and controls were located in a subject booth
that was isolated acoustically and visually. A photograph
of the subject booth is shown in Fig. 4. Each display was

16



Fig. 3 Linear Flow Diagram of The Two-axis
Compensatory Tracking System

The system ‘input is represented by i.
The portions of the system output,
system error, and control movement
linearly correlated with the input
are designated respectively by o, e,
and s. The controller's remnant is
designated by n. H and C represent
the controller's describing function
and the controlled-element dynamics.

Fig. 4 Subject Booth

17



presented on the face of an oscilloscope of l2-cm dlameter.

An overlaid reticle provided a rectangular array of grid lines
separated by approximately 1/2 cm. The distance between the
subject's eyes and the plane of the displays was fixed at 72
cm. Lateral angular separations of 0.8°, 30°, or 56° about

the median plane were used. A headrest was provided to
minimize head motions. An electrophotometer was used to assure
that there were no left-right differences between either the
display or the scope background intensities. Intensity levels
were consistent throughout the entire experimental program.

In all except a few preliminary experiments the subject
manipulated two aluminum sticks, each of which was attached to
a force-sensitive hand control (Measurement Systems Hand Control,
Model 435). The tips of the control sticks protruded approx-
imately 30 cm beyond the plane of the display. The subject
used wrist and finger motions to manipulate the sticks and
was provided with arm rests to support his forearms.

In order to provide a high degree of control-display
compatlbility, each control was oriented so that the stick was
horizontal and could be moved in a plane parallel to the scope
face. The response of the error dot to a deflection of the
stick was in the same direction as the stick motion. The
stick-control combination provided an omni-directional spring
restraint with a restoring force of about 8 x lO5 dynes per
centimeter deflection of the tip of the stick.

The transducer of each hand control provided two inde-

pendent electrical outputs, one proportional to the horizontal
and the other proportional to the vertical component of
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deflection. The sticks were allowed to move freely in both
axes 1in all experiments. The error dots in the inactive

axes were élamped electronically at zero displacement.

3. Eye Movements

Eye movements were monitored via electrooculographic
techniques (Ref. 17). Voltages proportional to the horizontal

PP TR B S

deflection of the eyes were detected via Beckman biopotential
skin electrodes and preamplified by an Electro Instruments

Model A20B DC amplifier.

L, Controlled-Element Dynamics

The controlled-element dynamics were the same for both
axes and were either pure gain (2 x 10"5 cm error displacement
per dyne of stick force), velocity (8 x 10—5cm/sec error

displacement per dyne), or acceleration (8 x 10_5 cm/sec2
error displacement per dyne).

5. Forcing Functions

Forcing functions were provided via a multi-channel FM
magnetic tape system during training and were generated by
a digital computer during the data-taking sessions. Seventeen
sinusoids were summed to provide signals that were pseudo-
Gaussian and whose spectra were rectangular, augmented by a
high-frequency shelf. The cutoff frequency of the primary
component was elther 0.5, 1.0, or 2.0 rad/sec and the high-
frequency shelf extended to 16 rad/sec. The shelf contained
0.5 percent of the total signal power. In order to assure
orthogonality among the component sinusoids, an integral number
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of cycles of each component was contained in the measurement
interval (about 180 seconds). Thus, each component was a
harmonic of the fundamental frequency

Wwo = 27/180 = .035 rad/sec.

Table 1 gives for each component of the input the radian
frequency and the number of wavelengths contained in the
measurement interval. Also shown are the number of sum or
difference frequencies of any two input components that
coincide with each of the input frequencies. The set of
frequencies chosen represents a compromilse between the goals
of providing a uniform logarithmic spacing between frequencies
and of minimizing the coincidences with sum and difference

frequencies.

We desired a flat input spectrum in order to relate our
results to those obtained in our previous experimental programs
and to simplify theoreticl calculations. In order to simulate
a flat spectrum (referred to a linear frequency scale) with a
set of sinusoids spaced equally on a logarithmic frequency
scale, we adjusted the power levels of the components of the

main signal to be proportional to frequency. We assigned
identical power levels to each shelf component, however, so that:
(1) measurements of nearly equal quality could be obtained at
each shelf frequency, and (2) the controller's tracking per-
formance would not be distorted by a disproportionately high
power level at the highest shelf frequency. A typical con-
tinuous input spectrum equivalent to the discrete spectra used

in these experiments is shown in Fig. 5.
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TABLE 1

Experimental Forcing-Functlon Frequencies

Number of wave-

lengths in Coincidences
measurement Frequency with sums and
interval (rad/sec) differences
2 0.07 3
3 0.11 3
4 0.14 2
5 0.17 3
1 0.24 3
12 0.42 2
15 0.52 1
21 0.73 0
29 1.0 0
39 1.4 0
57 2.0 1
83 2.9 0
114 4,0 1
160 5.6 0
233 8.1 0
330 12. 0
457 16. 0
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Unless otherwise specified 1n Section B of this chapter,
the experiments were designed so that the right-and left-
hand single-axis tasks were equally difficult. In order to
assure that the right and left forcing-functions were statis-
tically identical over the measurement intervél, the two
signals were constructed to be the reverse of one another, with
the possibility of a slign inversion. That is, if the left-
hand forcing-function was iL(t) over the measurement interval
0 < t<T, the right-hand input was either +1L(T—t) or
-1, (T-t) for 0 < t < T.

6. Instructions

The subjects were instructed to minimize the mean-squared
tracking error. When tracking two axes, they were instructed
to minimize the sum of the mean-squared errors on the two axes.
The subjects were informed of their normalized mean-squared
error performance after each sesslon. Complete histories of
the performance of all subjects were posted and shown to each

subject 1in an attempt to foster a spirit of competition.

7. Subjects

Four subjects, all of them rated Air Force pilots, par-
ticipated in the various phases of the experimental program.
All subjects were currently active 1n the Air National Guard
and were required to fly a minimum of 15-20 hours per month.
Table 2 contains a brief history of the subjects' military and
flylng experience.
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TABLE 2

Brief History of Pilots

Flight Experiment

Subject Age (Hours)
JF 41 5600
DM 42 7000
PM 41 5200
CR 42 3800

8. Training and Experimental Procedure

All training and experimental trials lasted four minutes
and were generally presented in sessions of three trials each
with a fifteen-minute rest between sessions. The experimental
sessions consisted of either three l-axis trials, one 2-axis and
two l-axis trials, or one l-axis and two 2-axis trials,
depending on the requirements of the experiments. All mean-
squared error scores and Bode plots were obtained from three-
minute samples beginning 30 seconds after the onset of the
forcing function. The subjects were trained under each condition
until an apparently stable performance level was achieved.

A number of forcing-function waveforms were used during

training under a given condition to minimize learning of the
input. In order to minimize the variation of the experimental
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results, however, .a single'pair of forcing functions was

"designated for each bandwidth condition and used for all

data-taking.

9. Experimental Variables

In the preliminary experiments we intestigated (1) the
co

ntrols)

number of controls (one 2-axis control or two l-axis
and (2) the direction of the error dot and control movements
(both axes vertically active, or left axis vertically actilve

and the right axis horizontally active). A control-display
configuration of two displays and two l-axis controls active

in the vertical axis only was chosen for the formal experimental
program. The variables investigated in the formal experiments
were (1) the separation between displays, (2) the mode of
tracking (l-axis foveal, l-axis peripheral, and 2-axis), (3)

the input bandwidth, (4) the controlled-element dynamics, and
(5) the mean-squared input. Table 3 indicates the range

of variables used in each of the experiments.

B. The Experimental Program

The experimental program consisted of a set of preliminary
experiments and four main experiments. Prior to the pre-
liminary experiments the subjects were given extensive training.
We describe this training period first and then discuss the
experimental conditions and the training and data-taking pro-
cedures for each of the experiments.

It was not possible to maintain a predetermined schedule

of training and experimentation over the four-month period
spanned by the formal experimental program. In addition,
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TABLE 3

Experimental Varlables

Plant Input BW MS%
Dicol Dynamics (rad/sec) (em®)
splay
Number of Type of Separation | Mode of (cm/fgne Axis | Axls Axis | Axis
Experiment Controls Display | (degrees) | Tracking x 1077) A B A B
Preliminary 1, 2 V-H 30 l-axis 8/s 2 2 ' 4
V-V 2-axls
Experiment 1 2 V-V .8, 30, 56| 1l-axis 8/s 2 2 4 4
2-axls
peripheral
Experiment 2 2 V-V 30 %-axis 8/s .g .g %g ig
-axis
peripheral 2 S 2 Y h
Experiment 3 2 V-V 30 l-axis .5 .5 32 32
2-axis .5 2 16 - 4
.5 2 4 y
2 2 y y
Experiment 4 2 vV-v 30 l-axis 2 16 16
2-axlis 8/s 1 1 4 4
peripheral 8/s2 10 10
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not entirely carried out in what we now conceive to be the
proper loglcal order. Deviations from this order are noted below
in the discussion of the individual experiments.

1. Initial Training

The subjects were trained first on single-axis horizontal
and vertical tasks until they appeared to reach a stable level
of performance. The controlled-element dynamics were Kl/s,
the forcing-function bandwidth was 1.5 rad/sec, and the MSI was
4 cm2? A typical training record is shown in Fig. 6. Each
entry represents the average score from three 4-minute tracking
runs. The entire record represents 48 runs or a total of 192

minutes of tracking.

After achieving a stable one-axis performance level, the
subjects trained on a mixture of one-axis and two-axis tasks
with a display separation of 30 degrees. Each training session
contained a horizontal-axis (H-axis), a vertical-axis (V-axis),
and a two-axis trial, presented 1in a balanced order. The subjects
practiced first with a 1.5 rad/sec input, then with the 2.5

rad/sec forcing function ¥

In alternate training sessions the
subjects used two l-axis control and one 2-axis control. An
average of 90 runs per subject were devoted to this phase of the

training. The results of the final two days of training are shown

*® Kl = 8 x 10_5 cm/sec of display displacement per dyne of

applicable force.
¥* .The forcing functions used for initial training and for the
first preliminary experiment were of the type described in Ref.

10. All subsequent experiments used the forecing functions
described earlier in this section.
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in Fig. 7. Each data polnt represents the average of four
trials, one from each axis for each control configuration.

2. Preliminary Experiments

The first prelimlnary experiment was conducted to help us
decide whether to provide the subjects with a single 2-axis con-
trol or wlth two l-axls controls for the formal experimental
program. Use of a single 2-axls control would have provided a
link to our recent experimental program (Ref. 10) in which the
subjects were provided with an integrated 2-~-axls dlsplay and an
integrated 2-axls control. On the other hand, we suspected that
there might be more visual-motor interference between axes with
the 2-axls control (Ref. 7). We decided, therefore, to choose
the control configuration that resulted in the best 2-axis NMSE
performance.

Four subjects participated in this experiment. A vertical
display of the left-hand error dot and reference circle and a
horizontal display for the right-hand system were provided. The
displays were separated by 30 degrees, the controlled-element
dynamics were Kl/s, and each input signal had a bandwidth of 2.5
rad/sec and mean-squared level of U cm2. Each data-taking session
consisted of two single-axis runs, one for each axls, and one two-
axls run, presented 1n a balanced order. Each subject tracked
four sessions, two with each of the control configurations.

Two l-axis controls resulted in the best NMSE performance

and were therefore used for the remalnder of the experimental

program.
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The next preliminary experiment was intended to test our ex-
perimental apparatus and procedure. The system was the same as
in the previous experiments except that two l-axis controls were
used, the input waveform was generated by the digital computer
and had a bandwidth of 2 rad/sec, and eye movements were récorded.
We chose to use a combination of vertical movements in one control-
display pair and horizontal movements ih the other in order to be
compatible with our previous experimental procedures (Ref 10) and
because we suspected that there might be less chance of improperly
relating controls to displays if the two control-display systems
were spatially orthogonal. However, 2-axls tracking performance
differed between the two axes by about 30%, and different amounts
of visual attention were devoted to the two'displays. To eliminate
this source of asymmetry, we decided to use two vertically-active
control-display systems in all subsequent experiments.

3. Main Experiments

(a) Experiment 1l: Effects of Display Separation

The object of this experiment was to determine the effects
of display separation upon the human controller's l-axis peripheral
and 2-axis behavior and upon system performance. An additional
objective was to show that the difference between one-axis and
two-axis performance was due primarily to the shift of foveal
attention between displays, and not merely a result of tracking

two axes simultaneously.

The subjects were provided with two vertically-active
control-display systems for which the controlled elements were
Kl/s, the input bandwidths were 2 rad/sec and the MS input levels
were 4 cm2. The display separations were 0.8°, 30°, and 56°.
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The 0.8° display separation was obtained by displayling both error
dots and reference circles on a single oscilloscope posifioned
directly 1in front of the subject. The two larger display separa-
tions were obtalned as described in Section A of this chapter.

Both reference clrcles and error dots were displayed for
all experiments, but one of the dots was clamped electronically
at zero displacement during the l-axls trials. When tracking
peripherally, the subject fixated on the stationary dot.

The 0.8° separation was used so that the subject would be
able to track the two error dots simultaneously without visual
scanning. Any degradation 1in performance caused by the addition
of the second axis of tracking was attributed to the require-
ment of tracklng simultaneously in two axes without the benefilt
of an integrated control-display configuration. A further degra-
dation in performance observed with the larger display separations
could be attributed to the necessity of visual scanning. Separa-
tions of 30o and 56O were chosen because they spanned a range 1n

‘which eye movements but not head movements are required (Ref 13).

One-axls foveal and 2-axis data were gathered from all
four subjects. Because of 1lllness, Subject DM was unable to
participate in the peripheral-tracking phase of this experiment.
The subjects first trained for an average of 42 runs total on the

l-axis foveal and the 2-axis tasks. Each training session contained

two 2-axls trials and one l-axls trial with an equal number of
sessions devoted to each separation.

31



Each subject tracked for three data—taking sessions. The
first session contained two l-axis and two 2-axis tasks; the remaining
sessions consisted of two 2-axis and one l-axis tasks. FEach session
contained a different display separation, assigned 1n a balanced
order among the subjects. Each subject performed two l-axis runs on
each axis and two 2-axis runs with each display separation.

After the l-axis foveal and 2-axis data were gathered,
each subject devoted about 40 training runs to the l-axis peripheral
task. Each session of three runs was conducted with a fixed dis-
play separation of either 30 or 56 degrees; left- and right-hand
tasks were presented alternately.

Each subject tracked peripherally for four data sesslons,
two with each separation for a total of three trials per axis per
separation. The sessions consisted of three trials total, with L
and R tasks presented alternately. One display separation was used
for the first two sessions and the other separation for the final
two sessions. The order of separation was varied among the subjects.
Eye-movement records obtained during data taking indicate that the
subjects did not glance foveally at the moving dot.

(b) Experiment 2: Effects of Input Bandwidth

The object of this experiment was to lnvestigate the effects
of bandwidth on the relation between l-axis foveal, 2-axis and l-axis
peripheral performance. The subjects were presented with two vertilecal
control-display systems with homogeneous tasks. The display separa-
tion was maintained at 30o and the controlled elements were Kl/s.

The input bandwidths were 0.5, 1, and 2 rad/sec, and the MSI's were,
respectively, 32, 16, and 4 cm®. The MST of 4 cm® was selected for
the 2 rad/sec bandwidth condition to be compatible with the preceding
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experimental conditlions. The remaining MSI's were chosen so that
the l-axis foveal mean squared errors would be roughly the same
(about 0.2 cm2) for all bandwidth conditions. Since subject CR
was unable to contlnue beyond Experiment 1, this and the following
experiments were conducted with the remaining three subjects.

The subJects trained first for an average of 50 runs/
subject total on the l-axlis foveal and 2-axis conditions. Bandwidth
was varied between training sessions of three trials, and training
was mostly on the 2-axis task.

Nine data runs were obtained from each subject for two
consecutive evenlings for a total of 18 runs per subject. Two
sessions each were spent on the 0.5, the 1.0 and the 2.0 rad/sec
bandwidth condition, in that order. Fach session consisted of an
L-, and R-, and a 2-axis trial, presented in a balanced order, all
having the same input bandwidth.

Unfortunately, we did not obtain the corresponding l-axis
peripheral data until the subjects had been trained and tested on
Other conditions. Nevertheless, very little training was needed in
this situation: an average of 6 trials were devoted to the 1 rad/sec
input and 3 trials to the .5 rad/sec input. (The 2 rad/sec periph-
eral condition was not re-tested; appropriate data were obtained
from Experiment 1.)

Each subject tracked peripherally for four data sessions,
two with each bandwidth for a total of three l-axis peripheral
trials per axis per bandwidth. L- and R-axis tasks were presented
alternately. One bandwidth was used for the first two sessions,
and the other bandwidth for the remaining two sessions. The order
of presentation of bandwidths was varlied among subjects.
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(¢c) Experiment 3: Effects of Axis Differences

The object of this experiment was to determine the alloca-
tions of mean squared error and foveal attention and to lnvestigate
modifications of the controller's describing function when the
tracking tasks on the two axes were different. This experiment

was divided iInto two parts. In the first part, only the input
bandwidths were different. In the second part, the input band-
widths were different and the MSI's were adjusted so that the
l-axis foveal mean squared errors (unnormalized) would be nearly

identical on the two axes.

Two vertically-active control-display systems were provided
with a display separation of 30 degrees and with identical controlled
elements of Kl/s' Bandwidths employed were 0.5 and 2 rad/sec. Data
on the corresponding homogeneous tracking situatlions obtained from

the preceding experiment were used for comparison.

Since the MSI was homogeneous in the flrst part of this
experiment, the different input bandwlidths resulted 1n different
task difficulties on the two axes. An MSI of U4 cm2 was chosen to
provide a l-axis foveal mean squared error of about 0.2 cm2 on the
high-bandwidth axis. An average of 45 training trials were provided
each subject in this situation. Since only the two-axis task re-
quired learning, each training session consisted of two 2-axis trials
and one l-axis trial to provide a baseline check. Nearly equal
numbers of trials were presented with the 0.5 rad/sec input on the
left and the 2.0 rad/sec on the right axis, and vice versa, in order

to average out the effects of possible left-right bilases.

Four data sessions--a toftal of 12 trials--were obtalned per
subject. Each session consisted of the low-bandwidth task alone, the
high-bandwidth task alone, and a two-axis task. The 2 rad/sec input
appeared on one axis for the first two sessions and on the other axis
for the remaining two sessions. The order of the axls-bandwldth

combinations was varied among subjects.

34



In the next part of this experiment, the MSI to the low-
bandwidth axis was increased to 16 cm2 so that the l-axis foveal mean
squared error would be about .2 cm2. The MSI to the high-bandwidth
axis remained at 14 cm2. Each subject trained for an average of 30
trials total under these conditions; the training and data-taking

procedures were otherwise identical to those of the preceding phase.

(d) Experiment U4: Effects of Controlled-Element Dynamics

The obJject of this experiment was to determine the effects
of controlled-element dynamics on the relation between l-axis foveal,
l-axis peripheral, and 2-axis tracking performance. Two homogeneous,
vertically-active control-display systems having a display separation
of 30O and I1nput bandwidths of 1 rad/sec were used. The controlled-
element dynamics were K, K/s, and K/s2, and the MSI's were adjusted
in each case to yield a l-axis foveal MSE of about 0.2 cm2.

The results of Experiment 2 were used to provide data for
the K/s condition. The K/s2 and K dynamics conditions, in that order,
were investigated sequentially to complete the experimental program.

The subjects trained initially with controlled elements of
8x10_5/s2 (Kl/s2) em/dyne and an input bandwidth of 2 rad/sec for 12
l-axis foveal trials. The subjects then attempted to track the two
axes simultaneously, but were consistently unable to keep the error
dot within the display limits of + 6 cm for an entire 4-minute run.

The input bandwidth was then lowered to 1 rad/sec and the
MSI was set at &4 cm2. Fifteen additional training sessions were
provided, each containing an L- and R-, and a 2-axis task for a total
of 45 trials per subject. Ten of the 30 l-axis tasks were performed

peripherally.
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The subJects tracked four data sessions each. The first
two sessions each contained an L-, and R-, and a 2-axlis task,
presented in a balanced order. The final two sesslions each contained
three l-axls perlpheral trlals presented alternately on L and R.

After completion of the K/s2 phase, the subjJjects were
trained with controlled elements of éxlo_S(Kl/u) cm/dyne, an input
bandwidth of 1 rad/sec, and MSI of 10 cm2. Nine training sessions
of the type described above provided each subject with a total of
27 training runs. Three of the nine l-axis tasks were performed
perlipherally. The data-taking procedure was identical to that
described above.
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IV. ANALYSIS TECHNIQUES
A. Descriptive Measures

1. Normalized Mean Squared Error

Normalized mean-squared error (NMSE) scores were computed
for each of the one-axis runs and for each axlis of the two-axis
runs. Normalization was with respect to the mean-squared input
(MSI) to the axis. 1In addition total-task NMSE scores were com-
puted for the two-axis runs by normalization of the sum of the
left and right MSE with respect to the sum of the MSI. The
fraction of the total MSE allocated to each axis of each two-axis

run was also computed.

Analyses of variance (Ref 18) were performed on the NMSE
scores to determine the significance of the difference between
the one-axis foveal and two-axis scores. When the experimental
conditions were homogeneous, a separate analysis was conducted
on the L-axis, R-axis, and total-task scores.¥ When the input
bandwidths were different, analyses were performed for each
bandwidth condition and for the total-task measure. The primary
variables of these analyses of variance were the number of axes
tracked and the subject.

¥ Pairs of left and right one-axls scores were averaged
together to yield a one-axlis measure to correspond to the
two-axls total-task measure.
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2. Eye-movement Statistics

The mean observation time and the fraction of. foveal attention
allocated to the axls were computed for each axis of each two-axis
trial.¥* Also computed were the frequency distributions of the
observation times for selected runs., Transition times were dis-
regarded in the computation of these statistlics; the subject was
considered to be looking at either the left or right display at
any instant of time.

3. Describing Functions

Human controller describing functions relating dynes of
control effort to centimeters of error displacement were obtained
using Fourier analysis techniques similar to those employed by
Tustin (Ref 19), McRuer et. al. (Ref 3), and Taylor (Ref 20).
The computational procedure was based on the Cooley-Tukey method
of computing transforms (Ref 21). This computational procedure
was embedded in the signal analyzer system developed by Grignetti,
Payne and Elkind (Ref 25). In order to optimize the signal-to-
noise ratio, measurement frequencies and forcing-function frequenciles

were made to coincide.

4, Power Spectra

Selected power spectra were obtained using the Cooley-Tukey
procedure. Each spectrum consisted of a set of lines spaced
approximately by .035 rad/sec and extending from .035 to about
72 rad/sec. Measurements beyond 16 rad/sec were disregarded.

¥ We use the term "foveal attention" as a convenient
designation of fixation of gaze. No other connotation
of the word "attention" is implied.
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5. Remnant

The "fractional remnant power" for a signal was defined as the
portion of power in that signal not appearing at the forcing functilon
frequencies normalized with respect to the total signhal power. The
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power that was not linearly related to the forcing function.
B. Callbration of The Describing-Functlon Analysis Procedure

Describing functions were obtalned for fixed, linear analog
test filters imbedded in a control loop. The forcing-function
bandwidth was 2 rad/sec. The controlled-element dynamics were
K/s for the first set of simulation experiments, and the transfer
function of the test filter was

1 |3

H(s) = 1.4 [_ —J ()
1+s/8

Gausslan noise uncorrelated with the forcing function was added to

the filter output to simulate stick remnant power. Three experi-
ments were performed with this particular test filter. No remnant
was added in the first experiment. In the second experiment, the
simulated remnant accounted for 17% of the total simulated stick
power and had a spectrum that was flat below 20 rad/sec and propor-
tional to 1/m2
simulated remnant accounted for 24% of the total stick power and

had a spectrum that was proportional to w2 below 10 rad/sec, flat

at higher frequencies. In the third experiment, the

between 10 and 20 rad/sec, and proportional to 1/w2 at higher
frequenciles.
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The controlled-element dynamics were K/s2 for the second set
of calibration experiments, and the transfer function of the test
filter was

s+1/2

H(s) + 2 (5)

s+l

Two experiments were performed with this filter--one without
remnant, and one with a remnant spectrum proportional to w2.
The remnant power constituted 25% of the simulated stick power

in the second experiment.

The describing functions of the test filters obtained experi-
mentally are given in Figure 8. Amplitude-~ratio and phase-shift
errors were generally less than 1 db and 10 degrees over the entire
measurement range of 1/16 to 16 rad/sec when no remnant was
simulated. (The largest fractional remnant power measured in this
situation, about 5% is indicative of the noise level of the
system.) Even when moderate amounts of remnant were simulated, AR
and phase errors were less than 3 db and 20 degrees over most of
the spectrum. Accuracies of 1 db and 10 degrees were obtained
between .5 and 2 rad/sec, the frequency region containing most of

the simulated stick_power.
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V. EXPERIMENTAL RESULTS

In this chapter we present the principal experimental results.
Most of these are in the form of averages taken over subjects and
over certain of the experimental conditions. The average performance
of each subject under each experimental condition are tabulated in
Appendix A, which contains Tables Al through Al9.

A, Preliminary Experiments

1. Effects of Controls

This experiment was conducted to determine whether two l-axis
controls or one 2-axis control would yield lower 2-axis NMSE scores.
The 2-axis NMSE with the single control was 1.6 times that obtained
with two l-axis controls. An analysis of variance indicated that
this difference was significant at the .001 level and that there
was no interaction between subjects and controls.* The difference
between the l-axis foveal NMSE scores in the two situations was
negligible--less than 10%.

OQur result of lower scores with two controls differs from that
of Chernickoff and LeMay (Ref. 7) who observed lower error scores
with one control when the dynamics and the two axes were K/s2 and
essentially equal scores when they were K. There were several
basic differences between our experiment and theirs, a principal

¥ Although many of the NMSE results are presented as percentage
differences or ratios, all analyses of variance referred to in
this report have been performed directly on the NMSE scores and
indicate the statistical significance of the difference of these
scores under various experimental conditions.
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one being that they displayed the two dots on one display instead
of on two displays. This may have allowed their subjects'to generate
coordinated responses on the two axes more easily than ours could.

We did not pursue the source of this difference since 1t
was peripheral to our main interests., and decided to use the two-
control configuration throughout the remainder of the experimental
program because it led to lower NMSE scores.

2. Vertical-Horizontal Configuration

This experiment revealed that the horizontal task was more
difficult than the vertical task in a 2-axis situation. The 2-axis
NMSE scores were on the average 1.3 times greater on the horizontal
(H) axis than on the vertical (V) axis (Table Al)¥* whereas the
H-axis score was only about 10% greater in the 1l-axis foveal track-
ing situation. The analysis of variance (Table A2) showed that

nificant at the 0.01 level. In addition

Gi:iv 4 VA Ull g

both differences were sign
the superior V-axis performance was achieved in spite of the fact
that the subjects attended to the V axis only 42% of the time

(Table A3).

These results indicate that there was a difference in the
difficulty of the H and V tasks in the 2-axis situation that cannot
be accounted for entirely by a basic difference in the subjects'
ability to track vertically and horizontally, nor by a left-right
difference in tracking abllity. In order to remove the vertical-
horizontal asymmetry as a possible source of bias, the main experi-
ments were conducted with two control-display systems active in the

vertical dimension only.

¥ Tables Al through A-19 are in the Appendix.
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B. Main Experiments

1. Effects of Display Separation

In this experiment we investigated the effects of display
separation on 2-axis and l-axls peripheral tracking performance.

(a) NMSE Scores

The average NMSE scores for l-axis foveal (NMSEf), l-axis
peripheral (NMSEp), and 2-axis (NMSE2) tracking are shown in
Table 4. Also shown in Table 4 are the quantity NMSE2/NMSEf, the
average of the ratios of 2-axis NMSE to l-axis foveal NMSE, and
the quantity NMSEp/NMSEf, the average of the ratios of l-axis
peripheral NMSE to l-axis foveal NMSE.¥ NMSE scores for the

individual subjects are presented in Table 4.

The 2-axis and l-axls peripheral performance was degraded
markedly as the display separation was increased. However, even
with a separation of 560, the subjects were able to track with some
degree of effectiveness using peripheral vision alone; an average NMSE
of 0.80 resulted from these conditions.

The necessity to track two non-integrated axes simul-
taneously--even when both error dots could be viewed foveally most
of the time--produced a significant increase in the NMSE. The
NMSE2/NMSEf ratio of 1.5 observed with the display separation of
0.8° indicates the magnitude of this performance degradation. The
NMSE2/NMSEf ratios of 3.9 and 8.9 observed with display separations
of 30O and 560, respectively, show the additional degradation due

to visual scanning.

¥ The NIV!SEp/NlVISEf and NM’SE2/NMSEf ratios were computed for
each subject and averaged together to yield the quantities

NMSEp/NMSE and NMSEZ/NMSE

f £
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TABLE U4

Effect of Display Separation on Mean-Squared Error,
Remnant and Mean Observation Time

Display Separation
0.8° 30° 56°
Normalized NIVISEf .050 . 050 . 050
Mean-Squared NMSEp e .36 .80
Errors NMSE2 .073 .19 Lu2
NMSE2/NMSEf 1.5 3.9 8.9
NMSE Ratios
NMSEp/NMSEf —_ 7.5 17
Fractional l-axis foveal L17 .17 17
Remnant Stick l-axis peripheral —_ .h8 .65
Power 2-axis .19 .40 .54
Fractional l-axis foveal .33 .33 .33
Remnant Error l-axis peripheral -_— .70 .67
Power 2-axis .34 .53 .58
Mean Observation Time (seconds) _ 1.2 1.3

Controlled-Element Dynamics: K/s
Input Bandwidth: 2 rad/sec
Subjects: JF, PM, CR: All conditions
DM: 1l-axis foveal and 2-axis conditions
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An analysis of variance (Table A5) showed that the differ-
ences between l-axls foveal and 2-axis performance was generally
significant at the .001 level. No analysis of vafiance was performed
to test the differences between l-axis foveal and peripheral scores;
nevertheless, the significance 1s clear because the differences were
large compared to the standard deviation of either the foveal or

peripheral scores.

(b) Power Spectra

Stick and error power density spectra for one subject are
shown in Figure 9 for the 1l-axis foveal, l-axis peripheral, and
2-axis tracking conditions. The display separation was 300. Power
levels at each forcing frequency are indicated by the isolated
symbols, and the connected line segments indicate the remnant power

averaged over a quarter of an octave.

Figure 9a shows that the stick power at forcing frequencies
below 2 rad/sec (the input cutoff frequency) increased at a rate of
30 dB per decade--20 dB more per decade than the input. This is the
expected result with dynamics of K/s. The power levels at these
forcing frequencies were nearly the same for the three tracking

conditions.

The remnant power density spectrum, which was transformed
into a step-wise continuous spectrum by the averaging process,
increased at 20 dB/decade up to 5 rad/sec (the gain-crossover
frequency for this experiment) and decreased at a rate of 20-30
dB/decade at higher frequencies. The highest and lowest remnant
power density levels were observed, respectively, for the l-axis
peripheral and l-axis foveal conditions. Since the stick power

density at each forcing frequency was generally more than 10 4B
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above the remnant power density at neighboring frequencies, we
can assume that measurements of the human controller's stick
response at forcing frequencies were essentially uncorrupted by remnant.

remnant.

Figure 9b shows that the error power at the forcing frequencies
increased at the rate of 30 dB/decade between about 0.5 and 2 rad/sec.
The shape of the spectrum was not well defined at lower frequencies. The
remnant error spectrum was relatively flat out to 5 rad/sec and decreased
at a rate of about 40 dB/decade at higher frequencies. The remnant error
spectrum was thus equal to the remnant stick spectrum cascaded with |K/s|2
the transfer function of the controlled-element, as expected.

The error power density at forcing frequencies below wi/8
was generally less than the remnant power at neighboring frequencies.
Because of the low signal-to-noise ratio, we cannot expect to have
valid describing function measurements in this region of the spectrum.
Therefore, describing function measurements presented in this report

are not given for frequencies less than wi/8.

(c) Describing Functions and Remnant

Pigure 10 shows average human controller describing
functions (DF) obtained from the left (L) and right (R) axes when
the display separation was 300. The L and R describing functions
were in very close agreement for both the l-axis foveal and 2-axis
tracking conditions. Since there were no important left-right
describing function differences, describing function measurements
were made on only the R axis in the remainder of the experimental

program.

Figure 11 shows the effects of display separation on

the l-axls and 2-axis describing functions. The 0° measurements
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indicated in Figure 1lla are for foveal tracking, whereas the 30o

and 56o l-axis measurements are for peripheral tracking.

The human controller describing functions have been

approximated by transfer functions of the form

1+]
H(jw) = K, ——2 ™30T (6)

h y

Ll 1+j

EIE

|

€

1

where Kh is the low-frequency gain, T the controller's effective
time delay, and wq and w, are parameters of the equalizer that the
controller apparently used to optimize performance. The goodness
of the approximation was Jjudged visually. Table 5 presents the
parameters of the transfer functions and shows also the gain-
crossover frequency, w, .
TABLE 5§

Effect of Display Separation on the Analytic Approximations to
The Average Human Controller Describing Functions

Display Separation

l-axis : 2-axis

__Tracking Tracking

0° 30° 56° 0.8° 30° 56°
K. (dB) 2 -5 ~9 -1 -1 -6
“, (rad/sec) 4 — — b 4 —
w, (rad/sec) 10 —_ — 8 8 —
T (sec) .12 .20 .30 .15 .15 .20
w, (rad/sec) 5.4 4,5 3.0 5.0 4.6 4.3
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Display separation affected the describing functions in a
number of ways. From the point of view of system performance, the
most important effect was a decrease in Kh’ which was essentially
the amplitude ratio in the octave below the input cutoff frequency.¥*
As the separation was increased from near 0° to 560, the l-axis Kh
decreased by about 10 dB and the 2-axis Kh decreased by about 5 dB.
The 1l-axls effective time delay increased from 0.12 to 0.3 sec,
whereas the 2-axis time delay varied only from 0.15 to 0.2 sec.

When tracking one axis foveally, the subjects generated
an average lag term of wl=u rad/sec and a lead term of w2=10 rad/sec.
A lag frequency of U4 rad/sec was also generated for 2-axis tracking
when the display separations were 0.8° ana 300, and the corresponding
lead frequency was 8 rad/sec. No lead or lag terms were generated
for either 2-axis or l-axis peripheral tracking for the 56° display

separation.

As the display separation was increased from minimum to
maximum, the l-axis gain-crossover frequency decreased from about
5.4 to 3.0 rad/sec, and the 2-axis wc decreased from about 5.0 to
4,3 rad/sec. Because the controller varied the shape as well as
the gain of his describing function, variations in w, were less
than the simple gain-crossover model of eqguation (1) would predict
on the basis of changes in low-frequency gain; w, was thus only a

partial indication of system performance.

¥ Since about 85% of the stick power is contained in this octave,
the portion of mean-squared tracking error that 1s linearly correla-
ted with the input signal will be largely determined by the
amplitude ratios in this octave.

52



have been

o]
4
}

The describing functions replotted in
so that the l-axis foveal, 2-axis, and l-axis peripheral DF appear
together for each display separation. For separations of 30o and
560, the l-axis peripheral DF revealed a lower Kh’ a flatter
amplitude ratio curve, and a greater effective time delay than the
l-axis foveal DF. The 2-axis amplitude ratio and phase-shift curves
fell between the corresponding l-axls foveal and peripheral curves.

When the separation was 0.80, the l-axls foveal and 2-axis describing

The stick remnant power increased with increasing separation
for both peripheral and 2-axis conditions (Table 4).¥%¥ The peripheral
remnant was greater than the l-axis foveal remnant for separations of
30° and 560, and the 2-axis remnant fell between the two. Changes in

remnant error power generally paralled changes in remnant stick power.

(d) Eye Movements

The mean observation time, averaged over the L and R axes,
was little effected by display separation (Table 4). The observa-
tion time increased from 1.2 to 1.3 seconds as the separation was

increased from 30° to 56°.

The subjects spent about 60% of the time attending foveally
to the R axls, although the total 2-axis MSE was about equally divided
between the axes (Table A7). The differential allocation of attention
may have been partly a result of task differences. Despite our best
efforts to provide a homogeneous tracking environment, the R-axis NMSE

¥ Remnants for individual subjects are shown in Table A6.
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was about 25% greater than the L-axis score in the l-axis foveal
situation and the R-axls peripheral NMSE was about 30% greater than
the corresponding L-axis measurement.* The subjects may have had to
devote more foveal attention to the R axis in order to achieve a

Probability density functions of observation time were
computed for each subject for display separations of 30O and 5605
these functions were computed separately for the left and right axes.
Table 6a gives the mean, the standard deviation (o), and the o/mean

ratio for each density function.

Table 6b which gives the mean o, and o/mean ratio for the
parameters of Table 6a, shows that the standard deviation of the
probability density function was on the average 0.43 sec, or 33% of
the mean observation time., The standard deviation of the density
function, normalized with respect to mean observation time,(i.e.,
the SD/Mean ratio) was a less variable measure than the unnormalized
standard deviation. The o/mean ratios for these parameters were
0.21 and 0.37 respectively.

Figure 13 shows the average normalized probability density
functions for display separations of 30o and 560. Each curve is the
average of six density functions--one per subject per axis--which

were normalized with respect to the corresponding mean observation

¥ NMSE difference of 25% represents a difference in the human
controller's gain of less than 1 dB. Thus, an observed L-R
NMSE difference of this magnitude does not conflict with our
earlier statement that there was no essential difference
between the L and R DF's.
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TABLE 6

Means and Standard Deviations of Observation Times
For Experiment 1

a. Means and Standard Deviations of the Probability Density Functions

Display Mean o] 0/Mean
Subject Separation Axis (sec) (sec)
o L 0.8 .26 .32
30
R 1.2 .36 .30
JF
o L 0.9 .18 .20
60
R 1.3 .46 .35
L 1.1 U4 40
30°
R 1.4 .6lU .46
DM
o L 1.4 .39 .28
60
R 1.8 .50 .28
L 1.1 .34 .31
30°
R 2.0 .66 .33
PM
o L 1.0 .30 .30
60
R 1.6 67 b2
b. Means and Standard Deviations of The Parameters of The

Probability Density Functions.

Parameter Mean o o/Mean
Mean Observation Time 1.3 .36 .28
SD of the Observation Time .43 .16 .37
SD/Mean Ratio .33 .070 .21
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times. The standard deviations of the average normalized density
functions were 0.34 and 0.30, respectively, for the 30° and 56°
separations. The similarity of the two curves indicates that the
visual scanning strategy was little affected by the magnitude of
the display separation.

(e) Experimental Variability

Standard deviations of the NMSE, fractional remnant stick
power mean observation time, and average low-frequency human
controller gain were computed (for this experiment only) to indicate
inter-subject variability. These are shown in Table 7. The average
low-freguency gain was defined as the average of the amplitude ratio
measurements obtained at 1.0, 1.4, and 2.0 rad/sec (the octave critical
to system performance). Standard deviations of the subject means
were computed and average L-R measurements were taken when possible.

The display separation had inconsistent effects on both the
standard deviation and on the ratio of the standard deviation to the
grand mean. The standard deviations of the low-frequency gains were
between 1 and 3 dB, which indicates a relative uniformity of control
behavior among subjects. Since the difference between the l-axis
foveal and l-axis peripheral NMSE scores were on the order of ten
times the corresponding standard deviations, these differences were

statistically significant.

(f) Summary

Peripheral and 2-axis NMSE scores and fractional remnant
powers increased as the display separation was increased. Although
tracking performance was degraded simply by the requirement to track
two non-integrated axes simultaneously, most of the difference between

2-axis and l-axis foveal performance was attributed directly to
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TABLE 7

Effect of Display Separation on the Variability of the Results
Mean-squared Error, Remnant, Mean Observation Time, and

Low-frequency Gain

Display Separation

l-axis 2-axis
Tracking Tracking
0° 30° | 56° | 0.8° 30° 56°
L_E’lean .050 .36 .80 073 .19 .42
NMSE SDﬂ .011 .013}] .066 .017) .0063 .057
SD/Mean .23 .038f .083 .24 .034 .14
Fractional Mean 17 j;é .65 .19 40 .54
Remnant Stick SD .028 .11 .070 L0224 .074 .12
Power SD/Mean .16 .22 .11 .11 .19 .23
Mean Observation Mean - - - - 1.2 1.3
T
Time (sec) SD - - - - .28 .24
__Avg. Low-frequency | Mean 1.8 —0.97 -8.4 -0.8 }-2.3 5.7
Gain (dB) SD 2.7 2.0 2.3 1.7 1.5 1.2

Sample Size:
4 subject means
3 subject means

4 subject means

for the l-axis foveal (00) measurements

for the l-axis peripheral (30° and 56°) measurements

for the 2-axis measurements
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visual scanning. The most important change in the human controller's
describing function was a progressive decrease of the low-frequency
gain with increasing separation. There was no appreciable change in
mean observation time.

2. Effects of Input Bandwidth

In this experiment we investigated the effects of input band-
widths of 0.5, 1, and 2 rad/sec on l-axis-2-axis and foveal-peripheral

differences in tracking performance.

(a) NMSE Scores

The average NMSE scores are summarized in Table 8, and
the performances of the individual subjects are in Table A8. The
l-axis foveal, the l-axis peripheral, and the 2-axis NMSE scores
all increased with increasing bandwidth, as expected. The NMSE2/NMSEf
ratio was about the same for the lowest two bandwidths (2.3 on the

average) and increased to 3.6 when the bandwidth was 2 rad/sec. The
NMSEp/NMSEf ratios showed a similar behavior and were from 1.5 to

2 times as great as the corresponding NIVISE2/NIVISEf ratios. Analyses
of variance (Table A9) showed that the differences between the 2-axis
and l-axis peripheral scores were significant at the .001 level for
all bandwidth-axls conditions. There were no significant number-

subject interactions.

The R and L tasks were well balanced 1in that the average
l-axis foveal NMSE scores on the two axes differed by less than 10%
for all bandwidth conditions (Table A8). The R-axis peripheral
scores, however, were consistently about 30% greater than the L-axis
scores, even though the display intensities and other visual stimuli
were balanced. We did not investigate the source of this L-R per-
formance difference, since 1t was not central to our experimental

study.
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TABLE 8

Effect of Input Bandwidth on Mean-squared Error, Remnant, and
Mean Observation Time

Input Bandwidth (rad/sec)
0.5 1.0 2.0
Normalized NMSEf .011 .020 .051
Mean-squared 'NMSEp .037 .075 .36
Errors NMSE2 028 085 .18
NMSE27NMSEf 2.2 2.4 3.6
NMSE Ratios
/ . . .
NMSEp NMSEf 3.4 4.0 7.4
Fractional l-axls foveal .16 .16 .17
Remnant Stick l-axis peripheral .54 m .53
Power 2-axlis .34 .33 .34
Fractional l-axis foveal .20 .23 .27
Remnant Error l-axis peripheral .69 67 .76
Power 2-axis L6 .51 .48
Mean
Observation Time (seconds) 1.4 1.3 1.4

Controlled-element Dynamics: K/s
Display Separation: 30°
Subjects: JF, DM, PM

61




(b)

Describing Functions

The l-axis foveal, l-axis
controller describing functions are
of 1nput bandwidth.
functions are glven in Table 9.

The parameters

and Remnant

peripheral, and 2-axis human
shown in Figure 14 as a function
of the approximate transfer

TABLE 9

Effect Of Input Bandwidth On The Analytic Approximations

To The Average Human Controller Describing Functions
Input Bandwidth (rad/sec)
l-axis Foveal l-axis Periph. 2-axis
0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0
Kh (dB) 3 3 3 -3 0 -5 -1 1 -2
wy (rad/sec) .5 I 3 .5 1 ——— .5 1 2
w, (rad/sec) 1.5 3 10 1 2 —— 1 3 3
T (sec) .15 0.15 0.12 20 .20 20 .20 .15 .15

The subjects adopted a simllar strategy for all three l-axis

foveal tasks: the lag freguency (wl) was positioned near the input

cutoff frequency, and the lead frequency (w2) was about three times

greater than Wy . Kh

for the foveal task.

and T were essentially invariant with bandwidth
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The l-axis peripheral DF revealed an lnconsistent bandwidth
effect. Kh increased about 3 dB as the bandwidth was increased from
0.5 to 1 rad/sec and then decreased by about 5 dB as the bandwidth
was further increased to 2 rad/sec. The slight lag-lead behavior

observed for the slower inputs disappeared for the 2 rad/sec input.

The 2-axis DF's were less affected by bandwidth variations
than the peripheral measurements. Kh ranged from 2 dB to 1 dB, the

time delay ranged from 0.2 to 0.15 sec.

Figure 15 presents the l-axis foveal, l-axis peripheral,
and 2-axis DF's for each bandwidth. The DF differences for all
three bandwidth conditions show the same trend that we found in
Experiment 1: (1) the average l-axis peripheral Kh is lower than
the l-axis foveal Kh’ (2) the 2-axis Kh falls between the two l-axis
K, 's and (3) the effective time delay appears to increase as the

h
task proceeds from l-axis foveal to 2-axis to l-axis peripheral.

Average remnant data are presented in Table 8, and Table
Al10 contains the data for each subject. Bandwidth had no consistent
effect on fractional remnant power.

(¢) Eye Movements

Bandwidth had no consistent effect on mean observation
times, which ranged from 1.3 to 1.4 sec (Table 8). The fact that
the subjects consistently devoted about 58% of their foveal
attention to the R axis while achieving a nearly even distribution
of the 2-axis NMSE (Table All) indlcates that the R-axis task was

the more difficult in the 2-axis situation.
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(d) Summary

Although the NMSEZ/NMSEf and NMSEp/NMSEf ratios were
relatively unchanged as the input bandwidth was increased from 0.5
to 1 rad/sec, the ratios increased by 50% or more as the bandwidth
was further Increased to 2 rad/sec. Small and inconsistent changes
occurred in low-frequency gain. Neither mean observation time nor

fractional remnant power was a function of bandwildth.

3. Effects of Axlis Differences

In this experiment we investigated the effects of axis differ-
ences on the relationship between l-axls foveal and 2-axis performance
and on the allocatlion of foveal attention between the two axes.

(a) NMSE Scores

As a convenlient way of presenting the results, we shall
treat one axis (Axis A) as an axis of constant input bandwidth, and
the other axis (Axis B) as the axis of variable bandwidth. The
mean-squared inputs (MSI) on both axes are treated as variables.
(Details on the experimental procedure are given in Chapter III.)

Table 10a presents the average results obtained on the
"low~bandwidth axis"--the axis on which the input bandwidth is
consldered fixed at 0.5 rad/sec. The results are organized so
that the 2-axis mean-squared error score on Axis B, relative to
the score on Axis A, increases as one proceeds across a row of
data. The first column of data corresponds to the homogeneous
tracking situation with mi=0.5 rad/sec and the same MSI on both
axes. The second column corresponds to the different-bandwidth
condition in which wy was 2 rad/sec on Axis B and the M3I were
adjusted to provide equal 1l-axls foveal mean-squared errors on
the two axes. The third column corresponds to the different-
bandwidth condition in which the MSI were identical on both axes.
This condition resulted in a much greater l-axis MSE score on

Axis B than on Axis A.



TABLE 10

Effect of Axis Differences on Mean-squared Error,
Foveal Attention, Remnant, and Mean Observation Time

a. Axis A = Low-bandwidth Axis (m1 = 0.5 rad/sec)

- Conditions on Axis B
Same BW Diff. BW Diff. BW
L o Same MSI Diff. MSI | Same MSI
Normalized NMSEf .011 .011 .010
MS Error NMSE,, | Jo2s | o028 .083
NMSE Ratio NMSEZ/NMSEf 2.2 2.6 8.2
Fractional | Total 2-Axes MS Errod .50 T55 -39
Allocation FoveaImAEE;EQI;;- .50 .43 .37
Fract. Remnant l-Axis Foveal .16 - .21
Stick Power 2-Axes 7 .34 LA .59
_~;f;é;t‘Eemﬁ;hé_ﬁziiAxis Foveal .20 - .29
Error Power 2-Axes o T .46 .52 .63
" Mean Observation Time (seconds) | 1.8 1.3 1.2

b. Axls A = High-bandwidth Axis (m1 = 2,0 rad/sec)

T Conditions on Axis B

Diff. BW Diff. BW Same BW

Same MSI Diff. MSI Same MSI
Nérmalized NMSEf .ouTt .046 .051
MS Error NMSE, .13 L14 .18
NMSE Ratio NMSE,/NMSE . 2.8 3.0 3.6
Fractional Total 2-Axes MS Erron .61 .55 .50
Allocation Foveal Attention .63 .57 .50
Fract. Remnant l1-Axis Foveal .15 ———— .17
Stick Power 2—A§£§ﬂmﬂ .30 .35 .34
Fract. Remnant 1—Axi$ Féveal .20 ———— .27

_Error Power ‘2—Axi;—"- LUy .46 .48

Mean Observation Tim;<(seconds) 2.0 1.7 1.4

Controlled-element Dynamics: K/s
Display Separation: 30°

Subjects: JF, DM, PM
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Average results for the "high-bandwidth axis" (wi=2.0 rad/
sec) are presented in Table 10b. The results are similarly organized
in that the relative difficulty (i.e., the MSE score) of the 2-axis
task on Axis B increases as one procedes across a row of data.

All mean-squared error and eye movement results in Table 10
are based on equal contributions of data from the L and R axes.
Remnant data are for R-axis tracking only. Mean-squared error data
for individual subjects for the different-bandwidth conditions are
given in Table Al2.

The relative difficulty of the A- and B-axis tasks is
reflected by the allocation of total mean-squared error. For example,
the fraction of the total error appearing on the low-bandwidth axis
decreased from 0.50 to 0.39 as the relative difficulty of the task
on Axis B was increased.¥ Similarly, the fraction of total error
appearing on the high-bandwidth axis decreased from 0.61 to 0.50
with increasing difficulty of the B-axls task.

Changes in the 2-axis NIVISE2 ran counter to changes in the
fractional allocation of total error; the NMSE2/NMSEf ratio on Axis
A increased as the relative difficulty of the task on Axis B increased.

This trend was more pronounced on the low-bandwidth axis, on which the
ratio ranged from 2.2 for the homogeneous control situation to 8.2 for

the different-bandwidth, same MSI condition.

¥ Since measurements have been averaged over the L and R axes,
half the foveal attention and half the total mean-squared error
were, by definition, allocated to Axis A when the control con-
ditions were the same for both axes.
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Analyses of variance (Table Al3) showed that the differences
between the l-axis foveal and 2-axis scores were significant at the
.001 level for the high-and low-bandwidth axes in the two hetero-

geneous tracking conditions. There were no number-subject interactions.

The goal of providing equal l-axis foveal tasks in the
different-bandwidth, different MSI condition was reasonably well
achieved: the high- and low-bandwidth l-axis MSE's were within 107%
of each other (Table Al2). On the other hand, the tasks were not
equal in the 2-axis situation, 55% of the total 2-axis error appeared

on the high-bandwidth axis in this tracking situation (Table 10).

(b) Describing Functions and Remnant

Two-axls describing functions for Axis A are shown in
Figure 16 as a function of conditions on Axis B; the approximate
transfer-function parameters are given in Table 11. Important
changes occurred only on the low-bandwidth axis. Kh decreased by
about 8 dB and the lag-lead behavior disappeared as the difficulty
of the B-axis task was increased. The lack of a measurable effect
on the high-bandwidth DF was consistent with the small differences
in the NMSE scores on that axis.

Similar effects of axls differences were seen on the
fractional remnant measures.¥ As the relative difficulty of the
B-axis task was varied between its minimum and maximum, the fractional
remnant stick power increased by a factor of 1.8 and the remnant error
power by 1.4 on the low-bandwidth axis (Table 10). There was little
change in remnant on the high-bandwidth axis.

¥ Remnant data for individual subjects are given in Table All,.
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TABLE 11

Effect of Axls Differences on The Analytic Approximations
To The Average Human Controller Describing Functions

Conditions on Axis B

Low-Bandwldth Axis High-Bandwidth Axis

Same BW Diff. BW Diff. BW

Same MSI Diff. MSI Same MSI All Conditions
Kh (dB) 0 0 -8 0
wy (rad/sec) .5 .5 —_ 1.5
w, (rad/sec) 1.5 1.5 - 3
T (sec) .18 .18 .20 .18

(c) Eye Movements

The fraction of the subject's foveal attention allocated
to Axis A, as well as the mean dwell time on Axis A, decreased as
the relative difficulty of the task on Axis B increased (Table 10).#%¥
Furthermore, the division of foveal attention was on the average
nearly equal to the division of the total MSE between the two axes
for all control conditions.

¥ Table Al5 contalns eye-movement data for individual subjects.
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(d) Summary

As the difficulty of the task on Axis B increased rel-
ative to the task on Axis A, én increasing fraction of foveal
attention was devoted to Axls B; the NMSE score on Axis A was
allowed to increase; and the mean observation time on Axis A de-
creased. The fraction of foveal attention devoted to either axis
was approximately equal to the fraction of the total mean-squared
error appearing on that axis. When Axis A contained the low-
bandwidth task, the controller's low-frequency gain decreased and
his remnant increased as the relative difficulty of the B-axis

task was increased.

4y, Effects of Controlled Element Dynamics

In this experiment we investigated the effects of controlled-
element dynamics of K, K/s, and K/s2 on the relations among 1l-

axis foveal, l-axis peripheral, and Z2-axils performance.

(a) NMSE Scores

Table 12 shows that both the NMSE2/NMSEf and NMSEp/NMSEf

ratios decreased slightly as the complexity of the dynamics was
increased from K to K/s, but increased by factors of 2.1 and 1.6,
respectively, as the dynamics were changed to K/sz. Computations
based on the individual performances shown in Table A-16 reveal
that the spread of the NMSEZ/NMSEf
with the order of the dynamics from about 57% for dynamics of K to
about 75% from the K/s2 dynamics.

ratio among subjects increased

Table A-17 shows that the differences between the l-axis
foveal and 2-axis NMSE scores were significant at the .001 level
for the L, R, and total-task measurements when the dynamics were
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Effect of Controlled-Element Dynamics
on Mean-Squared Error, Remnant, and

TABLE 12

Mean Observation Time

Controlled-Element Dynamics

K K/s K/s2

Normalized NMSEf .018 .020 .052
Mean-Sgquared NMSEp .085 .075 .34
Errors NMSE., .053 .0L5 .26

NMSE2/NMSEf 2.9 2.4 .1
NMSE Ratios

NMSE_ /NMSE 4,3 4.0 .6

o) f

Fractional l-axis foveal .032 .16 U5
Remnant Stick l-axis peripheral .084 LAy .84
Power 2-axis .055 .33 .80
Fractional l-axis foveal .28 .23 )
Remnant Error l-axis peripheral .55 .67 .73
Power 2-axis .44 .51 .69
Mean Observation Time (seconds) 1.4 1.3 .2

Input Bandwidth: 1
Display Separation:

Subjects:

rad/sec
300

JF, DM, PM

73



K and K/s and that there were no number-subject interactions
under those conditions. Silgnificant subject-number interactions
appeared for K/s2 dynamics on the R-axis (.0l1) and total-task
(.05) measurements. As a result, only the L-axis difference

was significant at the .001 level. It should be noted that the
2-axis NMSE was greater than the l-axis NMSE for all replications
of the experiment with K/s2 dynamics; the number-subject inter-
action arose because the magnitude of this difference vailed among

the subjects.

(b) Describing Functions and Remnant

Figure 17 shows the l-axis foveal, l-axis peripheral,
and 2-axis human controller describing functions for each of the
controlled elements. The parameters of the approximate transfer
functions are given in Table 13. The approximation to the con-
troller's describing function for controlled-element dynamics of
K is

(i). -TS
(1+] w2)
H(jw) = K, (7)
w w

(1+jw) (1+4j w

1)
and for controlled-element dynamics of K/s2 is

-TS
w
(14) w,)

H(jw) = ijh

w
(1+j Gi) (8)
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TABLE 13
Effect of Mode of Tracking on the Analytic Approximations to
the Average Human Controller Describing Functions for

Controlled Dynamics of K, K/s, and K/s2

Mode of Tracking

K K/s K/s®
F P 2 F P 2 F P 2
Kh (aB) 19 10 14 3 0 1 1 -2 -2
W (rad/sec) .5 .5 il - - - - - -
Wy (rad/sec) 2 - - 1 1 1 1 1 1
w, (rad/sec) b - - |3 2 3 3 3 3
T (sec) .10{ .10y .12y .15 .20} .15 .25] .25 .25

Mode of Tracking

F = l-axis foveal
P = l-axis peripheral
2 = 2-axis

Kh was lower for l-axis peripheral tracking than for l-axis
foveal tracking for all controlled-element dynamics. The greatest
foveal-peripheral difference occurred with dynamics of K (9 dB),
whereas the smallest (2 dB) occurred with K/s dynamics. The mid-
frequency lag-lead characteristic evident in all l-axis foveal
describing functions disappeared for peripheral and 2-axis track-
ing when the dynamics were K. Variations of effective time delay
with mode of tracking were less than 0.05 sec. The 2-axis
amplitude-ratio and phase shift curves generally fell between

the l-axls foveal and l-axis peripheral curves.



That the greatest decrease in controller gain should occur
with K dynamics seems inconsistent with the observation that the
greatest ﬁﬁ§§;7ﬁﬂ§§;'and NMSE,/NMSE. ratios occurred with K/s2
dynamics. The controller's galin-crossover frequency and phase

margin, however, were greater for K dynamics, a given amount of
gain decrease may therefore have had a more adverse effect on
system performance when the dynamics were K/s2 than when they

were K.

Figure 18 shows the open-loop describing functions as a
function of controlled-element dynamics. (The open-1loop
describing function is defined as the controller's describing

function cascaded with the controlled-element transfer function.)

The gain-crossover frequency was nearly identical for K and
K/s dynamics, and was about an octave less for K/s2 dynamics.
Phase margins were greater than 20 degrees when the dynamics were
K and K/s, but were reduced to about 10 degrees for peripheral
and 2-axis tracking when the dynamics were K/s2.

The average fractional stick remnant power increased markedly
with the order of dynamics (Table 12).* The l-axis foveal remnant
ranged from .032 for K dynamics to .45 for K/s2 dynamics. The
2-axls remnant stick was about twice the l-axls foveal remnant, and
the peripheral remnant was somewhat greater. The fractional remnant
error power also generally increased with the order of the dynamics,

but the changes were less extreme.

Remnant data for individual subjects are given in Table A1l8.
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(¢) Eye Movements

Mean observation times, shown in Table 12, decreased
from 1.4 to 1.2 sec as the order of the dynamies was increased
from K to K/sa. This variation is insignificant, however, when
compared to inter-subject variations. The mean observation time
ranged from 0.6 sec for subject DM to 1.9 sec for subject PM
when the dynamics were K/s2, (Table A19). The observation time
of 0.6 sec represented almost twice the scanning rate exhibited
by any other subject under any condition (and twice the rate
exhibited by DM under any other tracking condition). On the
other hand, 1.9 sec was the longest observation time shown by
any subject under homogeneous tracking conditions. The spread
of mean observation times along subjects was considerably less

for dynamics of K and K/s.
(d) Summary

The peripheral and 2-axis NMSE, relative to the l-axis
foveal NMSE, remained about the same for X and K/s dynamics, but
increased by almost a factor of 2 when the dynamics were changed
to K/sz. A change in the mode of tracking effected the controller's
describing function primarily through a change in low-frequency
gain for all controlled-element dynamics. There were no consistent
changes in the relation between l-axis foveal, l-axis peripheral,
and 2-axis remnants. Mean observation times decreased slightly
as the order of the dynamics was increased, and inter-subject

variations were greatest when the dynamics were K/sg.



5. Summary

The effects of display separation, input bandwidth, axis
differences and controlled-element dynamics on 2-axis and
peripheral tracking performance were investigated. The primary
difference between the l-axis foveal, l-axis peripheral, and
2-axis human controller describing functions in all experiments
was a difference in the controller's low-frequency gain. These
gain differences were generally consistent with the corresponding
NMSE differences. Other describing-function differences appeared

to be of secondary importance with respect to system performance.

Two-axis and peripheral tracking performance was degraded
as the display separation was increased: the NMSE increased, the
fractional remnant power increased, and the controller's gain
decreased. There was ho appreciable effect on the mean observa-
tion time.

Bandwidth had a non-uniform effect on tracking performance.
The 2-axis and l-axis peripheral NMSE scores, relative to the
l-axis foveal NMSE score, remained roughly constant for bandwidths
of .5 and 1 rad/sec and increased by more than 50% when the band-
width was increased to 2 rad/sec. Mean observation times and

fractional remnant powers were unaffected by bandwidth.

The order of the controlled-element dynamics produced a
similar non-uniform effect on the controller's behavior. The
2-axis and peripheral NMSE scores, relative to the l-axis foveal
NMSE score, remained about the same for K and K/s dynamics and
then increased by almost a factor of 2 when the dynamics became
K/sz. There were no consistent changes in the relation between

l-axis and 2-axis remmant, and there was only a slight decrease
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In mean observation time as the order of the dynamics was increased.
Inter-subject variations increased with the order of the dynamics.

The subject's allocation of foveal attention was affected by
the relative task difficulties. As the mean squared error score
of the task on Axis B was increased, relative to that on Axlis A,
the subject devoted less of his foveal attention to Axis A,
lowered his effective gain on Axis A, and allowed the NMSE on
that axis to increase. The fraction of foveal attention devoted
to an axls was on the average equal to the fraction of the total

2-axis mean squared error appearing on that axis.



CHAPTER VI
DISCUSSION

A. General Discussion of The Results

l. Horizontal-Vertical Differences

The greater 2-axis NMSE scores observed in the horizontal
axls in the preliminary experiments may have resulted from a
higher threshold to peripheral motion on that axis. McColgin
(Ref. 15) found that the threshold to vertical motions was lower
than the threshold to horizontal motions for motions about the
horizontal axis. Furthermore, the subjects claimed that the
vertical peripheral motions were more attention-getting than
the horizontal peripheral motions. (We did not attempt to
measure thresholds or other nonlinearities in this set of

experiments.)
2. Remnant

Velocity threshold effects may have been a principal cause
of the large remnant observed in the controller's output when
a single axls was tracked peripherally. The subjects claimed
that they were unable to perceive the error dot when it was
moving too slowly.* They claimed further that the stationary

reference circle could not be seen at all peripherally.

A threshold of this nature could result in an effective dead
zone of variable location. The resultant nonlinear and time-
varying control strategy would be revealed by our measurement

technique as increased remnant.

* During the initial phases of peripheral training, the subjects
often "dithered" the error dot when it was otherwise moving
slowly so that they could determine its position. After they
became more proficient in the task, they assumed that a dot that

they couldn't see was within the reference circle.
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We can identlfy two sources of the 2-~axis remnant if we

PR

assume that ti

ne operator switches between foveal and peripheral
strategies on a given axis when trackling two axes simultaneously.
First, one would expect the 2-axls remnant to be a weighted sum
of the remnants assocliated with the l-axis foveal and peripheral
tasks. Second, because our analysis procedure conslders as
remnant all signal power not accounted for by a time-invariant
linear strategy, remnant will be measured even if the individual
strategies are remnant-free.

3. Mean Observation Times

The mean observatlion times that we observed were generally
a factor of 3 to 5 greater than those observed by Fitts et al
(Ref.?22 ) in studies of simulated flight situations. This dis-
crepancy may have stemmed directly from the differing nature of

the monitoring tasks in the two studies.

In our experiments, there was only one display pertinent to
each axis. Thus, it was necessary for the subject to obtain as
much information as possible from each display in order to achleve
good system performance. In the flight situation, however, a
multiplicity of instruments supplied information for the various
axes of control. Shorter observation times may have been required
in that situation because (1) the correlations between instrument
readings may have allowed some prediction of the readings, and (2)
task performance was less critically dependent on the information

obtained from any one instrument.

Senders (Ref. 12) measured observation times much smaller
than ours in his studies of the human monitor, even when the
slgnals on the various instruments were unrelated. We suspect



that this difference arose because our subjects were required
to track the signals, whereas Senders' subjects were required
only to monitor the sighals with no means of control.

4, Relation Between Gain, System Performance, and Attention

Experiment 3 showed that the gain on a given axis tended to
decrease as the controller was required to devofte a decreasing
fraction of his foveal attention to that axis. In addition, we
found that the fraction of attention devoted to an axls was on
the average equal to the fraction of the total mean-squared
error appearing there. These observations suggest that (a)
controller's gain, relative to the gain achieved in l-axis
tracking, is a measure of attention, and (b) attention is a
measure of the relative difficulty of a component task and
thus is related to the "workload" imposed by a task. These notions
are consistent with the models of the human controller developed
in the following secticn of this chapter.

5. A Model for Peripheral Tracking Behavior

We have found that effective control is possible when a
single error variable 1s displayed well into the periphery of
the visual field. The single-axis models of the human controller,
such as those presented by McRuer et al (Ref. 3), ought therefore
to be extended to apply to the l-axis peripheral tracking

situation.

The simplest of these models, given in equation (1) of this
report, requires only a single descriptor of the human controller--
the effective time delay Tar Knowledge of Te and of the para-

meters of the tracking situation enable one to predict the
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gain-crossover frequency, the controller's describing function,
and the mean-squared error performance with reasonable accuracy

in many tracking situations (Ref. 3). In situations in which

the controller's nonlinearities or time-variations are signifi-
cant, some description of the controller's remnant should be given,

Figure 19 shows that both the effective time delay and the
stick remnant are approximately linear functions of the display sepa-
ration for the l-axis peripheral tracking conditions investigated by
us 1n Experiment 1. The remnant measure shown is the ratio of remnant
stick power to input-correlated stick power and was derived from the
fractional remnant powers given in Table 4. The effective time delays
are from Table 5.

Since the controller's ability to obtain peripheral
information is highly dependent on the characteristics of the
information source and on the structure of the visual field,
we should be cautious about generalizing these results. Further
experimentation is necessary to determine the effects of
experimental parameters such as mean-squared input, bandwidth,
plant dynamics, display brightness, and complexity of the visual
field on the relationships shown in Figure 19. Should these
relationships remain approximately linear, and should they vary
in a predictable way with variations in the tracking situation,
then relatively straightforward modifications to the existing
single-axis models of the human controller should allow good

predictions of peripheral tracking performance.

6. Performance Criteria

The performance measure that we used--total mean-squared
error--was not sensitive to scanning behavior in our 2-axis

experiments. While training with homogeneous tracking conditions,
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the subjects occasionally attended preferentially to one axis
without appreciably degrading their total MSE. That is, they
were able to some extent to trade errors on one axis for errors
on the other.

Although the mean-squared error measure provlides a us

eful
indication of system performance from an engineering standpoint
it is apparently not a good criterion to employ experlimentally
if one wishes to control the scanning behavior of the human
controller. Performance criteria that yield a sharper relation
between error and score--such as time-off-target--may provide

better experimental control.
B. A Simple Model For Tracking With Separated Displays

It appears from our experimental results that multiaxis
models for the human controller can be constructed from a simple
combination of single-axis models of the type presented by
McRuer et al (Ref. 3). The art of mcdelling multiaxis control
situations will be greatly facilitated if this proves to be
true 1in general. One will then be able to predict system per-
formance from the system parameters by applying a set of
stralghtforward combinatorial rules to the existing human

controller models.

1. Properties of The Model

A simple switching model of the human controller predicts
with reasonable accuracy the effects of visual scanning on
system performance. The key assumption of this model is that
the human controller acts as a two-channel processor of infor-
mation: one channel processes information obtained foveally
while the other simultaneously processes information obtained
peripherally. There 1s assumed to be no coupling, or inter-

ference, between channels.



These assumptions lead to the model shown in Figure 20; in
which the human controller's strategy on each axis of a two-axils
task can be represented by two dynamic elements whose outputs
are added and whose inputs are switched. One of these elements,
Hfa(w), is assumed to be equal to the describing function

(w),

generated when the subject tracks axis A alone. The other, Hpa
is equal to the describing functlon appropriate to single-axis
peripheral tracking. A second pair of elements describes the
controller's strategy on axis B. Remnant terms are associlated
with all four describing functions. Switching on the two axes
is coupled so that Hfa(w) is applied simultaneously with Hpa(w).
This model does not include sample-and-hold mechanisms. When

signal e, is applied to element H for example, the signal

fa’
applied to element Hpa is assumed to be zero.

A physical representation of the model was constructed on
the analog computer so that the model's predictive value could
be tested. Experiments were performed to compare the 2-axis
describing functions and mean-squared error performance of the
model with those of the human controllers.

Tracking with K/s dynamics was simulated. The controller's
foveal and peripheral describing functions were both simulated
by filters of the form H(s)=K e=0-2s
adjusted to yleld an NMSE as close as possible to that achieved

The "foveal gain" was

*
by the human controller when tracking a single axis. The
"peripheral gain" was adjusted to yield an NMSE typical of

The human controller describlng functions that we measured
contained a lag-lead characteristic that enabled the human to
achieve an NMSE score that was about 35% lower than the smallest
score obtalnable from the analog model. Nevertheless, we felt
that the simplified representation of the controller was adequate
for an investigation of switching effects.
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Fig. 20 Model of the 2-axis Manual Control Situation with
Separated Displays

Input, system error, control stick motion,
system output, and the human controller's
remnant are indicated respectively by i, e,

s, o0, and n. H and C denote the human
controller's describing function and the
controlled-element dynamics. Foveal and
peripheral strategies are denoted respectively
by subscripts (f) and (p).
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peripheral tracking performance with a display separation of 300.
No remnant was simulated other than that due to switching effects.

The distribution of the total mean-squared error between
the two axes was investigated as a function of the division of
"foveal attention”. The strategy-selector switch was driven by
a periodic waveform unrelated to the forcing function, and the
foveal dwell times on the two axes were varied in such a way
that their sum was always 2.5 seconds. The forcing function
was a 2 rad/sec waveform of the type used in the manual control

experiments.

Figure 21 shows that the MSE obtalined from the analog
simulation is related to the allocation of foveal attention
approximately as follows:

MSE, =A * MSE + (1-4) MSEpa (9)

fa
where A i1s the fraction of time that axis (a) is viewed foveally.
This linear relationship implies that the total-task NMSE is
independent of the division of attention and is equal to:

MSE1 = MSE2a + MSE2b = MSEf + MSEp (10)
when the control conditions are ldentical on both axes. When

the conditions are different, the predicted total-task score 1s
a.linear function of the attentional division. 1In this situation,
the lowest NMSE score will be obtained from the model when full
foveal attention is devoted to the more difficult axis.

The applicability of these results to the manual control
situation was determined by using the l-axis foveal MSE scores,
the l-axis peripheral MSE scores, and the eye-movement data
obtained in the manual control experiments to predict the 2-axis
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MSE scores according to equation (9). Table 14 shows that the
predicted and measured average 2-axis scores generally differed
by less than 10%. The greatest predictive errors occurred for
the control situation in which the input bandwidths were
different and the mean squared inputs were the same. The

2-axls MSE measured on the low-bandwidth axis was about three
times that predicted by equation (2), whereas the MSE observed

on the high-bandwidth axis was about 20% lower than the predicted
score. The total-task MSE, however, was predicted with an error
of less than 20%

An additional experiment was performed to show the effects
of observation time on the NMSE performance of the model. The
system was driven by the same 2 rad/sec signal used in the
previous tests, and the foveal and peripheral "observation"
times were identical in all runs. The NMSE remained at 0.2 as
the observation time per axis was decreased from 2.5 to 1.25 sec
and decreased as the observation time was further reduced
(Figure 22). Extrapolation of the curve indicates that the
NMSE score approaches the score obtained for full-time foveal
tracking (0.08 for the model) as the observation time approaches

zZero.

Describing functions were obtained from the analog model
for the following simulated tracking conditions: (1) 1l-axis
foveal, (2) l-axis peripheral, and (3) 2-axis, with an even
division of foveal attention between the two axes. A 2-rad/sec
forcing function was used, and the dwell times were 1.25 sec

for the 2-axis simulation.

The three describing functions had nearly identical shapes

and differed only in gain (Figure 23). The peripheral gain was



TABLE 14

Predicted and Measured 2-Axis
Me an-Squared Errors Separated Displays

Predicted Measured
Experimental Variable MSE (cm®) MSE (cm®)
a. Effects of Display Separation
Separation = 30° .80 .76
Separation = 56° 1.72 1.64

b. Effects of Input Bandwidth

BW = 0.5 rad/sec LT7 LTT
BW = 1.0 rad/sec 17 .72
BW = 2.0 rad/sec .84 .72

c. Different Bandwidths, Same MSI

Low~-bandwidth Axils .11 .33
High-bandwidth Axis .64 .52
Total Task .75 .85

d. Different Bandwidths, Different MST

Low-bandwidth Axis .43 .49
High-bandwidth Axis .72 .61
Total Task 1.15 1.10

e. Effects of Controlled-Element Dynamics

Dynamics = K .52 .53
Dynamics = K/s CT7 .72
Dynamics = K/s2 .80 1.00
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8 dB less than the foveal gain, and the 2-axis gain was the

average of the two l-axis gains. The 2-axis model describing
function, therefore, was related to the l-axis describing functions
in the same way as the human controller 2-axis describing functions
were related to the corresponding l-axis foveal and peripheral
describing functions (Figure 12).

Although there was essentially no remnant associated with
the l-axis foveal or peripheral describing functions, the 2-axis
simulation yielded a fractional "stick" remnant of 0.21. This
remnant arose from the time-varying behavior of the model.

Because the NMSE and describing function measurements
obtained from the analog system were similar in many respects
to those obtained from the 2-axis manual control system, we
conclude that the switched-strategy model of Figure 20 is a
highly tenable one. It is intended only as a partial model
of the control situation--one that provides reasonable pre-
dictions of the effects of instrument scanning on tracking
performance.

2. Limitations of The Model

(a) An Inaccurate Prediction of The 2-Axis NMSE

When the tasks on the two axes were greatly different,
the NMSE observed on the low-bandwidth axis was about three times
as great as that predicted by the model. The following factors
may have contributed to this discrepancy:
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1. Peripheral non-linearities

The prediction of the low-bandwidth NMSE was
based upon l-axis scores obtained peripherally
and foveally when the mean-squared input was
32 em®. The low-bandwidth MSI was only U4 cm2,
however, when the data under discussion were
obtained. Because of the relatively large
peripheral thresholds that we observed indirectly,
we suspect that the effective peripheral gain
decreased as the average amplitude of the dis-
played errors decreased. The controller's
effective peripheral gain may, therefore, have
been lower @han that used in the analog

%
simulation.

ii. Non-stationarity of strategies

We have assumed that the peripheral and foveal
strategies between which the controller switches
in the 2-axis control situation are the same
strategies employed when a single axis is tracked.
(We do not yet have a method for measuring the
individual strategies when two axes are tracked.)
Since peripheral vision is affected by the entire
visual scene, the subject's ability to track
peripherally on Axis A may be degraded by activity
on Axis B. This performance degradation would be
more pronounced on the axis containing the least
difficult task, since the ratio of foveal MSE to
peripheral MSE is greater when the more difficult

task is viewed foveally.

We did not measure l-axis peripheral ftracking performance with
an input signal having a cutoff of 0.5 rad/sec and an MSI of 4 cm”.

96



(b) Inability to Predict Scanning Behavior

Modifications to the model of Figure 19 are necessary so
that reasonable predictions of the controller's scanning behavior
can be obtained. For example, the model predicts (1) that the
NMSE will be progressively reduced as the scanning rate is increased
without limit, (2) that the lowest NMSE score will be obtalned if
full foveal attention is paid to one axis when the conditions on
the two axes are different, and (3) that the total-task NMSE will
be independent of the scanning behavior when the control conditions
are identical on the two axes. However, in our manual control
experiments we found (1) that the mean observation time for a
trial was rarely less than 1 sec., (2) that the subjects did
not pay full attention to a single axis when the control conditions
were different, and (3) that foveal attention was divided
approximately evenly between the two axes when the control

situation was homogeneous.

A cost associated with eye movements will lead to the
prediction of a finite scanning rate. For example, let us
assume that the rate of visual information obtained during eye
movements is negligible compared to the information rates during
foveal and peripheral viewing (Ref. 13). Thus, we assume that
there is a fraction of the scanning period that is devoted
neither to foveal or peripheral viewing--a period of visual

dead time.

Let us assume that the tracking conditions are homo-
geneous and that the subJect divides his useable attention
equally between the two axes. Equation 9 may be modified to
include the effects of dead time as follows:
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(NMSE +NMSE_) T, MSE_
NMSE, = P (-1 /7)) + =

2 TO MST

(11)

where TS is the time required for the eye to switch from one
display to the other: TO is the observation time for either
foveal or peripheral viewing, and MSES is the mean-squared error
associated with the visual dead time. To includes both the
switching time Ts and the effective fixation time.

In order to place an upper bound on the effect of eye
movements, we shall set MSES=MSI. That is, we shall assume that
the input is effectively untracked during the visual dead time.
The relation between the 2-axis NMSE score and observation time
f=0.05, NMSEp=O.35 and Ts=0.1
second--values that were typical of those observed during manual

is given in Figure 24 for NMSE

control. The NMSE decreases from 1.0 asymptotically to
(NMSEf

value. An observation time of 1.25 sec results in an NMSE

+NMSEp)/2 as TO increases from TS to an arbitrarily large
increase of 30% with respect to the minimum score of 0.2.

If we take account of the theoretical improvement
obtainable with a relatively high scanning rate (Figure 22)
the resulting NMSE scores will be lower than those shown in
Figure 24 for TO>TS. The resulting NMSE—versus—TO curve may
show a minimum, depending on how the two effects combine. 1In
any case, it is clear that the NMSE score must approach unity
as the observation time approaches the visual dead time. The

optimum scanning rate, therefore, must be finite.
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The additlon of a visual dead time to the model does not
account for the subjects' tendency to allocate their attention
equally between the two axes. Other mechanisms must be considered.

Because of theilr previous flight experience, the subjects
may have adopted a secondary criterion of allcocating their
attention according to their estimate of the importance of the
signals appearing on the two displays. Since we did not attempt
to regulate the scanning behavior of the subjects, we do not
know how the total-task NMSE score would have varied with changes

in the allocation of attention.

C. Other Models

1. Pre-experiment Model

Prior to the experimental phase of this study, we postulated
a model of the controller of a multi-axis system with separated
displays and similar tasks on all axes. The model, discussed in
detail in Reference 23, was based on the assumption that the con-
troller would apply a zero-order hold to samples taken from the
various displays and would apply a single continuous control
strategy to each axis. Peripheral vision was not considered.
The important predictions of the model were that the addition
of a second axis of tracking would (a) quadruple the NMSE on
each axis, (b) double the controller's effective time delay, and

(c) decrease the controller's gain by 6 db.

The experimental results show that the basic premises of
the original model are incorrect. The large increase in remnant
in the 2-axis situation suggests an ilncrease in the time-
variability of the controller's describing function which is
more consistent with a switched strategy than with a continuous
strategy. The lack of a sizeable increase in time delay negates
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the 1mportance of zero-order holds. Furthermore, 2-axls perfor-
mance appears to be intimately related to l—axis peripheral
performance. Because of the encouraging results obtained with
the switched-strategy model of Figure 20, no further work has
been done on the initial model.

2. Senders' Model of Monitoring Behavior

Equation 3 was used to predlict the division of attention in
the mixed-bandwidth, identical-MSI condition of Experiment 3 from
the error scores that were obtailned experimentally (Table Al2).
The error bandwidths were assumed equal to the input bandwidths,
K was assumed equal to 0.5 seconds/bit (based on typical l-axis
information processing rates reported in Reference 10), and C was
set equal to 0.1 sec (approximate switching time between displays
separated by 30 degrees). The predictions were inconsistent with
the measured attentional division. The predicted fractional
allocation of foveal attention was 0.53 on the high-bandwidth
axis and 0.16 on the low-bandwidth axis, whereas the measured
division of attention was 0.63, 0.37. Not only do the fractional
allocations not sum to unity, but the predicted ratio of high-
bandwidth attention to low-bandwidth attention is about twice

that observed experimentally.

Obviously, this model needs further development before it
can be used to predict monitoring behavior in a multi-axis
control situation. The model does not assure that the sum of
the fractional allocations of attention will sum to unity.*

This i1s an essential feature of the model as originally
intended. A sum greater than unity 1is to be interpreted as
an intolerably high workload on the observer. A sum less
than unity implies that the observer can perform satisfactorily.
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In addition, reliable estimates are needed for constants K and C
and for the error bandwidth, which need not be identical to the
input bandwidth in a closed-loop system.

D. Further Model Development
~

A suitable model of the controller's scanning behavior must
be developed before a unified model of the multi-axis control
situation can be constructed. Such a model might consist of an
optimization procedure that interacts with a model of the type
discussed in Section B to determine the scanning pattern that
wlll minimize a specified cost function. Physiological and psycho-
logical factors that 1limit the scanning rate will have to be
considered. Experiments that are deslgned to test such models
should employ performance criteria such that the performance
score will be a sensitive 1ndicator of deviations from optimum

scanning behavior.

We have shown in our studies of two-axis systems that
peripheral vision plays an important role. However, as we go to
higher-dimensional tasks, the complexity of the visual field may
be so great that the relative contribution of peripheral tracking
in any one control loop will be small. If this turns out to be
the case, we may be able to simplify the structure of the multi-
axis model by considering only foveal monitoring and control

behavior.
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APPENDIX A:

TABLE A

NMSE Scores for Preliminary Experiments

(average of 2 trials)

V-Axis H-Axis Total Task
Subject 1-Axis 2-Axis 1-Axis 2-Axis 1-Axis 2-Axis
JF 0577 .183 .0687 .262 .0636 .222
DM .0547 . 187 .0547 .205 .0550 .196
PM .0670 .193 .0707 .289 .0687 241
CR L0713 .256 .0790 . 316 .0753 .280
4 Subjects .0627 . 205 .0682 .268 .0657 .236
TABLE A2
Summary of Analysis of Variance of
NMSE Scores For Preliminary Experiment
a. Number X Subject
Significance Level
L Axis R Axis Total
Source (vert) (horiz) Task
Number of Axes 01 .01 .01
Subject - - --
Subject X Number 05 .05 .01
b. Axis X Subject

Significance Level

Source 1-Axis 2=-Axls
Axls .01 .01

Subject .001 .001
SubJect X Axis - _——
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TABLE A3

Mean Observation Time, Allocation of Foveal Attention,
and Division of 2-Axis NMSE for Preliminary Experiment
(average of two trials)

Mean Observation Time Fractional Allocations
(sec) Foveal Attn. 2-Axlis NMSE
Subject L Axis R Axis Avg L Axis R Axis L Axis R Axis
JF 1.1 1.5 1.3 0.42 0.58 0.41 0.59
DM 1.3 1.3 1.3 0.49 0.51 0.48 0.52
PM 0.9 1.5 1.2 0.39 0.62 0.40 0.60
CR 0.8 1.2 1.0 0.40 0.60 0.45 0.55
4 Subjects 1.0 1.4 1.2 0.u42 0.58 0.4k 0.56
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TABLE Al

Effect of Display Separation on The NMSE Scores

Display Separation

l-axis l-axis
foveal peripheral 2-axis
Subject 0° 30° 56° 0.8° 30° 56°

a. Left Axis

JF .0335 . 325 .708 .0455 .205 .542
DM .0bLo - - .0735 .181 . 388
PM .0530 . 310 . 732 .0855 .189 . 350
CR .04g5 . 306 .956 .0567 .166 . 408
Average . 0450 . 314 .799 .0653 . 185 Ju22
b. Rilght Axls
JF .0375 416 1.09 .0580 .166 Lh17
DM .0540 - - .0695 174 .513
PM .0625 . 390 722 .0995 179 . 329
CR .0695 .385 .666 .0960 .225 . b9
Average .0559 . 397 .799 .0808 .186 Lu27
c. Total Task
JF .0350 .371 . 858 .0515 .186 . u66
DM .0485 e - L0710 .178 L4571
PM .0575 . 350 . 727 .0930 .183 . 339
CR .0600 . 346 .811 L0770 .196 . 429
Average .0503 . 356 . 799 .0731 .186 421

Controlled-element Dynamics = K/s

Input Bandwidth = 2 rad/sec

Average of 2 trials for l-axis foveal and 2-axis entries
Average of 3 trials for l-axis peripheral entries
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TABLE A5

‘ Summary of Analysis of Variance of
NMSE Scores For Experiment 1

Significance Levels

Source L Axis R Axls Total Task
a. Display Separation = 0.8°

Number of Axes .001 .001 .001

Subject .01 .01 .001

Number X Subject - - -

b. Display Separation = 30°
Number of Axes .001 .001 .001
SubjJect -- .01 -
Number X SubJect - - -
c. Display Separation = 56°
Number of Axes .01 .001 .001
Subject - - _
Number X Subject .05 - -
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TABLE A6

Effect of Display Separation On
Fractional Remnant Power
Right Axis

Display Separation

l-axis l-axis

foveal peripheral 2-axis
Subject 0° 30° 56° 0.8° 30° 56°

a. Stick

JF .18 .57 .70 .21 .50 .72
DM .20 - - .19 .33 .49
PM .15 .50 .68 .20 .36 Y
CR .14 .36 .57 .16 LU0 L b6
Average .17 .48 .65 .19 b0 .54

b. Error

JF .30 LTh .79 .36 .62 .67
DM .38 - - .33 .52 .62
PM .29 .78 .57 .34 .us8 .50
CR .35 .58 .64 .33 .u8 .52
Average .33 .70 67 .34 .53 .58

Average of 2 trials for l-axis foveal and 2-axls entries
Average of 3 trials for l-axls peripheral entries
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Subject

JF
DM
PM
CR

Average

JF
DM
PM
CR
Average

Average of 2 trials

Mean Observation Time

Avg.

TABLE A7

Effect of Display Separation on Mean Observation Time,
Allocation of Foveal Attention, and Divislon of 2-axis MSE

Fractional Allocations
Foveal Attn.

L Axis

2-axis NMSE
R Axis

H P e O
O O &= W
e i
O U O 0 W

a. Display Separation

Separation

1.0 42
1.3 by
1.6 .35
1.0 .39
1.2 .40
b. Display
1.1 41
1.6 43
1.3 -39
1.3 )
1.3 b

.45
.49
.50
.59
.51

.43
.54
.50
.54
.51




TABLE A8
Effect of Input Bandwidth on The NMSE Scores
Input Bandwidth (rad/sec)

l-axis foveal l-axis periph. 2-axis
Subject 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

a. Left Axis

JF .0082 ,0148 .0407 .0296 .0784 .325 ,0240 .0519 .201
DM .0123 .0228 .0493 .0345 .0694 - L0245 ,ol6l  ,166
PM .0109 .0193 .0580 .0318 .0536 .310 .0242 .0453 .210
Average .0104 ,0189 .0493 .0320 .0671 - .0242 ,0478 .192

b. Right Axis

JF .0106 .0181 .0410 .0392 .102 .416 .0219 .0416 .141
DM .0111 .0195 .0484 .,0435 .0780 - .0249 .0422 .178
PM .0125 .0230 .0658 .0409 .0705 .390 .0251 .0455 .182
Average .0114 ,0202 .0517 .0411 .,0836 - .0239 ,0431 ,169

c. Total Task

JF .0094 ,0165 .0408 .0344 .0902 .371 .0229 .0L66 .168
DM .0117 .0211 .0488 .0390 .0737 - L0247 ,0443 ,172
PM .0116 .0212 .0622 .0363 .0621 .350 .0246 .0452 ,194
Average .0109 .0196 .0506 .,0366 .0753 - .0241 ,obs54  ,178

Controlled-element Dynamics = K/s

Display Separation = 30O

Average of 2 trials for l-axis foveal and 2-axis entries
Average of 3 trials for l-axls peripheral entries
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TABLE A9

Summary of Analysis of Varlance of
NMSE Scores For Experiment 2

Significance Level
Source L Axis R Axis Total Task

a. Input Bandwidth = 0.5 rad/sec

Number of Axes .001 .001 .001
Subject - - —_—
Number X Subject - -_— _——

b. Input Bandwidth = 1,0 rad/sec

Number .001 .001 .001
Subject —-— - —_——
Number X Subject - - _——

¢. Input Bandwidth = 2.0 rad/sec

Number .001 .001 .001
Subject ——— .01 .001
Number X Subject ——— —— —_——
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Effect of Input Bandwidth on Fractional Remnant Power

Subject
a.

JF

DM

PM

Average
b,

JF

DM

PM

Average

Average of 2 trials for l-axis foveal and
"Average of 3 trials for l-axlis peripheral

TABLE A-10

Right Axis

Input Bandwidth (rad/sec)
l-axis periph.

l-axis foveal

0.5

Stick

.22
.13
.12
.16

Error

24
.16
.20
.20

1.0

.22
.13
.13
.16

27
.20
.21
.23

2.0

.21
.13
.17
17

.28
.24
.28
.27

0.5

.59
.49
.53
.54

.66
.67
.73
.69
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1.0

.56
.32
Ly
iy

.62
.70
.70
.67

2.0

2-axls
0.5 1.0
.1 L2
.27 .28
.34 .28
.34 «33
U7 .56
U7 .53
. by 43
46 .51

. 4o
.30
.32
.34

55
.48
.42
.48

2-axls entries

entries



%

TABLE A-11

Effect of Input Bandwidth on Mean Observation Time,
Allocation of Foveal Attention, and Division of 2-axis MSE

Mean Observation Fractional Allocations
Time (sec) Foveal Attn. 2-axis NMSE
ject L Axis R AXis Avg L Axis R Axis L Axis R Axis

a. Input Bandwidth = 0.5 rad/sec

JF 1.18 1.48 1.33 Lay .56 .52 .48
DM 1.25 1.57 1.41 .Lhh .56 .50 .50
PM 1.16 1.85 1.50 .38 .62 .49 .51
Average 1.20 1.63 1.41 Lu2 .58 .50 .50

b. Input Bandwidth = 1.0 rad/sec

JP 1.17 1.47 1.32 Luu .56 .56 Lol
DM 1.11 1.44 1.28 LUy .56 .52 .48
PM 1.06 1.63 1.34 .39 .61 .50 .50
Average 1.11 1.51 1.31 a2 .58 .53 47

¢. Input Bandwidth = 2.0 rad/sec

JF 1.05 1.61 1.33 Luo .60 .59 .41
DM 1.19 1.44 1.31 U5 .55 .48 .52
PM 1.36 1.67 1.52 .39 .61 .54 . b6
Average 1.20 1.57 1.39 i .59 .53 A7

Average of 2 trials
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TABLE A-12

Effect of Axls Differences on the MSE and NMSE Scores

i=0’5 rad/sec wi=2 rad/sec

Subject l-axis 2-axis l-axis 2-axis

w

a. Same Mean-squared Inputs to Both Axes

Total Task

l-axis

Normalized Mean-squared Error

JF .00796 L0676 .0360 . 121
DM .0104 .0796 .0508 .134
PM .0119 .101 .0554 127
Average .0101 .0828 LOUT7Yh .127

.0220
.0306
.0332
.0286

b. Different Mean-squared Inputs to the Two Axes

Mean-squared Error (cm2)

JF .163 . 468 .170 .522
DM .201 .516 .225 .651
PM .208 .99 .228 .658
Average .190 Lhoy .207 .609

Controlled-element Dynamics = K/s
Display Separation = 30°
Average of 4 trials
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.166
.218
.218
.199

2-axis

.0943

107
114
105

hoy

.583

578

.552



.Summary of Analysis of Variance of
NMSE Scores For Experiment 3

Significance Level
Source wi=0.5 rad/sec mi=2 rad/sec

a. Same Mean-squared Inputs to Both Axes

Number of Axes .001 .001
Subject .05 .01
Number X Subject - -—

b. Different Mean-squared Inputs to Each Axis

Number of Axes .001 .001
Subject - .01
Number X Subject - —
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Total Task

.001
.01

.001
.05



TABLE A-14

Effect of Axis Differences on Fractional Remant Power

Right Axls
Same MSI on Both Axes Different MSI
l-axis 2-axis 2-axis?
Subject wi=0.5 wi=2 wi=0.5 wi=2 m1=0.5 w1=2
a. Stick
JF .27 .16 .65 .36 .50 .bo
DM .19 .15 .54 .27 .34 .25
PM .18 .14 .57 .28 .39 LUl
Average .21 .15 .59 .30 LUl .35
b. Error
JF .31 .23 .68 .49 .58 .54
DM .28 .29 .55 .43 LUT7 .39
PM .27 27 .65 .39 .52 .50
Average .29 .26 .63 uh .52 U6

l-axlis remnant not computed for thils experiment

Average of 2 trials.
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TABLE A-15

Effect of Axis Differences on Mean Observation Time,
Allocation of Foveal Attentlon, and Division of 2-axls MSE

Mean Observatlon Fractional Allocations
Time (sec) Foveal Attn. 2-axis NMSE
Subject wi=0.5 mi=2 wi=0.5 w1=2 w1=0.5 wi=2

a. Same Mean-squared Inputs to Both Axes

JF 1.24 1.64 .43 .57 .36 .64
DM 0.96 1.78 .35 .65 .37 .63
PM 1.25 2.70 .32 .68 Ly .56
Average 1.15 2.04 .37 .63 .39 .61

b. Different Mean-squared Inputs to Each Axis

JF 1.32 1.56 .46 .54 L7 .53
DM 1.20 1.34 AT .53 Luy .56
PM 1.32 2.33 .36 .64 43 .57
Average 1.28 1.74 L3 .57 .45 .55

Average of 4 trials
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Effect of Controlled element Dynamics on the NMSE Scores

Controlled-element Dynamics

l-axis foveal

Subject K K/s

a. Left Axis

JF .0143 .0148
DM .0213 .0228
PM .0209 ,0193

Avg, .0188 .0189

b. Right Axls

JF .0161 .0181
DM .0181 .0195
PM .0197 .0230
Avg.  .0180 .0202

¢c. Total Task

J¥ .0152 .0165
DM .0198 .0211
PM .0203 .0212

Avg.  .0184 .0196

Input Bandwidth

2

Display Separation =

Average of 2 trials for l-axis foveal and 2-axis entries
Average of 3 trials for l-axls peripheral entries

TABLE A-16

l-axis periph.

K/s K
.0409 .0732
.0573 .0942
.0613 L0671
.0532 .0778
.0513 .0101
.0467 .0733
.0536 .0995
.0505 .0914
.0U60 .0869
.0521 .,0838
.0575 .0833
.0519 .0846
= 1 rad/sec
30°

K/s

.0784
.0694

.0536
L0671

.0102
.0780
.0705
.0836

.0902

.0737
.0621

.0753
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K/s2

.378
.221

374
.324

.418
.267
. 379
.« 355

.398
.24y
- 377
. 340

2-axls

K K/s
.0488 .0519
.0511 .ou6Y
.n585 .0453
.0528 .0478
.ouu8 ,0416
.0589 .0b22
.0572 .0U55
.0536 .0431
.0468 .0L66
.0550 .0443
.0579 .0452
.0532 .0u5)4

K/s2

.308
.187
.291
.262

.362
.181
.2h0
.294

. 335
.184
.266
.261



TABLE A-17

Summary of Analysis of Variance of NMSE Scores
For Experiment 4

Significance Level

Source L Axis R Axis Total Task
a. Controlled-Element Dynamics = K

Number of Axes .001 .001 .001

Subject - .05 .05

Number X Subject -—— - -

Average - -~ —-——
b. Controlled-Element Dynamics = K/s

Number of Axes .001 .001 .001

Subject - - -——

Number X Subject -— - -

Average - - -——

¢. Controlled-Element Dynamics = K/s

Number of Axes .001 - .05
Subject —_— _——— -—
Number X Subject - .01 .05
Average - - —_—
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TABLE A-18

Effect Of Controlled-Element Dynamics On
Fractional Remnant Power

Right Axis

Controlled-element Dynamics
l-axls l-axis

foveal peripheral 2-axis
Subject K K/s K/s2 K K/s K/s2 K K/s K/s
a. Stick
JF .035 .22 .h5 .15 .56 .86 .076 .42 .85
DM .031 .13 .39 .053 .32 .79 .079 28 .77
PM .029 .13 .52 .048 .44 .88 .039 .28 .78
Avg. .032 .16 .is5 .084 .44 .84 .055 .33 .80
b. Error
JF .36 .27 .53 .60 62 .TH .50 .56 .81
DM .25 .20 .34 .43 .70 .67 U8 .53 .54
PM .23 .21 .50 .62 T0 LTT .33 43 .73
Avg. .28 .23 . U6 .55 67 .73 Ly .51 .69

Average of 2 trlals for l-axls foveal and 2-axls entries
Average of 3 trials for l-axls peripheral entriles
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“The aeronautical and space activities of the United States shall be
conducted so as to contribute . . . to the expansion of buman knowl-
edge of phenoména i the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning its activities and the results thereof.”

—NATIONAL ‘AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and technical information considered
important, complete, and a lasting contribution to existing knowledge.

TECHNICAL NOTES: Information less broad in scope but nevertheless of
importance as a contribution to existing knowledge.

TECHNICAL MEMORANDUMS: Information receiving limited distribu-
tion because of preliminary data, security classification, or other reasons.

CONTRACTOR REPORTS: Scientific and technical information generated
under a NASA contract or grant and considered an important contribution to
existing knowledge.

TECHNICAL TRANSLATIONS: Information published in a foreign
language considered to merit NASA distribution in English,

SPECIAL PUBLICATIONS: Information derived from or of value to NASA
activities. Publications include conference proceedings, monographs, data
compilations, handbooks, sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION PUBLICATIONS: Information on tech-
nology used by NASA that may be of particular interest in commercial and other
non-aerospace applications. Publications include Tech Briefs, Technology
Utilization Reports and Notes, and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546



